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FOREWORD 
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engineers. 
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Manager  of  Research,  and  Mr,  A,  Hurlich,  Chief  of  Materials  Research,  with  Mr. 

J.  L.  Christian  acting  as  the  Astronautics  project  engineer. 
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technical  counsel  throughout  the  course  of  this  investigation. 
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ABSTRACT 


The  primary  objective  of  this  program  has  been  to  develop  simple  laboratory-type 
tests  to  evaluate  the  toughness  of  high  strength  sheet  alloys  and  their  complex  welded 
joints  at  cryogenic  temperatures.  Another  objective  of  this  program  has  been  to 
obtain  useful  engineering  data  on  the  mechanical  properties  of  a  number  of  materials 
currently  being  used  or  proposed  for  use  in  cryogenic -fueled  missiles  and  space 
vehicles , 

The  tests  employed  for  evaluating  the  toughness  of  sheet  materials  included  notched 
tensile  tests  having  stress  concentration  factors  of  3.2,  6.3,  and  19,  cross-tension 
and  tensile  shear  tests  of  individual  resistance  spot  welds,  and  tensile  tests  of  simple 
fusion  welds.  These  tests  were  conducted  at  78°  ,  -100°  ,  -320°  ,  and  -423°  F.  These 
data,  as  well  as  data  obtained  from  tensile  tests  of  the  base  metal,  percent  martensite 
determinations,  and  metallographic  examinations  of  fractured  coupons,  were  correlated 
with  low-cycle,  high-stress  fatigue  data  obtained  on  complex  welded  joints  at  78° , 

-320°  ,  and  -423°  F.  The  most  consistent  index  of  toughness  was  found  to  be  the  notched 
(K^  =  6.  3)/unnotched  tensile  ratio.  The  test  data  are  presented  in  tabular  and  in 
graphical  form  to  aid  metallurgical  and  design  engineers  in  the  selection  of  materials 
for  structural  applications  at  cryogenic  temperatures. 

The  test  data  were  reduced  by  statistical  methods  and  analyzed.  The  results  of  the 
statistical  analysis,  which  included  means,  standard  deviations,  and  statistical 
values,  are  presented  and  their  importance  discussed. 

A  description  of  the  test  equipment  and  experimental  procedures  for  tensile  and 
fatigue  testing  at  room  and  cryogenic  temperatures  is  given.  This  report  also  includes 
conclusions,  recommendations  for  future  work,  and  references. 


PUBLICATION  REVIEW 


This  technical  documentary  report  has  been  reviewed  and  is  approved. 


FOR  THE  COMMANDER; 


W.  _  .  _ 


Chief,  Materials  Engineering  Branch 

Applications  Laboratory 

Directorate  of  Materials  and  Processes 
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1  INTRODUCTION^ 

Due  to  the  increasing  use  of  cryogenic  propellants  such  as  liquid  oxygen  and  liquid 
hydrogen  (boiling  points  of  -297®  and  -423°F  respectively)  in  current  and  proposed 
missiles  and  space  vehicles,  the  properties  of  engineering  materials  at  these  extreme 
sub-zero  temperatures  are  of  prime  importance.  Therefore  it  was  the  purpose  of 
this  program  to  evaluate  the  mechanical  properties  and  toughness  of  a  number  of  high 
strength  structural  materials  at  a  series  of  temperatures  from  78®  to  -423® F.  The 
need  for  a  simple  and  inexpensive  laboratory -type  test  for  evaluating  the  toughness 
or  resistance  to  brittle  fracture  is  evident  since  there  are  hundreds  of  high  strength 
alloys  which  have  been  proposed  for  service  at  cryogenic  temperatures.  Therefore 
it  was  the  primary  objective  of  this  program  to  develop  a  simple  and  inexpensive 
test  for  "screening"  purposes  to  evaluate  the  toughness  of  structural  materials  and 
their  welded  joints. 

Notched  tensile  tests,  cross-tension  and  tensile -shear  tests  of  individual  resistance 
spot  welds,  and  tensile  tests  of  fusion  welds  were  included  in  this  program  to  evaluate 
the  toughness  of  the  materials.  Toughness  is  a  property  of  vital  importance  in  mis¬ 
sile  design  because  missile  structures  are  subject  to  shock-type  loads  which  occur 
during  hydraulic  hammering,  vibration  due  to  rocket  engine  firing,  action  of  quick 
closing  valves,  etc.  Also  the  structures  will  contain  built-in  stress  concentrations 
of  varying  degrees  of  intensity  due  to  welding  defects,  tool  marks,  assembly  eccen¬ 
tricities,  random  defects  in  the  metal,  etc.  These  conditions  all  favor  brittle  failure, 
and  they  become  even  more  severe  at  low  temperature  in  that  brittle  fracture  is  more 
prone  to  occur  at  reduced  temperatures. 

The  severest  type  of  toughness  test  combines  high  strain  rates,  sharp  notches,  and 
low  temperature  as  typified  by  the  Charpy  V-notch  test  conducted  at  low  temperature. 
Notched/ unnotched  tensile  tests,  rather  than  Charpy  V-notch  tests,  were  used  in  this 
investigation  as  an  index  of  toughness  since  all  of  the  data  reported  herein  were  ob¬ 
tained  on  relatively  thin  sheet  material  and  no  fully  reliable  impact  test  has  yet  been 
devised  for  thin  sheet  materials.  The  notched  tensile  sample  allows  use  of  sharp 
notches  and  low  testing  temperatures,  but  it  does  not  normally  permit  the  high  strain 
rates  available  in  the  Charpy  V-notch  impact  test.  The  initial  strain  rate  at  the 
root  of  the  notch  is  greater  than  that  encountered  in  tests  of  smooth  tensile  specimens 
because  of  the  stress  concentration  effect  of  the  notches. 
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Notched  tensile  specimens  with  stress  concentration  factors  (K^)  of  3.2,  6.3,  and 
19.0  were  selected  for  use  in  this  investigation.  These  specimens  were  chosen  be¬ 
cause  of  their  use  by  other  investigators  and  because  they  offered  a  wide  range  of 
notch  acuity.  Besides  the  notched  tensile  tests,  specimens  which  incorporated  resis¬ 
tance  spot  welds  and  fusion  welds  were  used  to  evaluate  resistance  to  brittle  fracture. 

The  need  for  studies  of  this  type  is  demonstrated  by  the  paucity  of  published  literature 
pertaining  to  this  topic,  especially  in  the  welded  joint  configuration  (for  "state  of  the 
art"  surveys,  see  References  1  through  12)  .  The  problem  is  further  complicated  by 
the  fact  that  existing  theories  of  metallic  deformation  and  fracture  are  not  sufficiently 
far  advanced  to  warrant  the  extrapolation  of  data  downward  from  higher  temperatures 
(References  13,  14,  and  15)  .  For  example,  the  Cr-Mn  stainless  steels  were  once 
considered  to  possess  good  cryogenic  properties  until  tests  at  -320° F  proved  them  to 
be  quite  brittle  (References  16,  17,  and  18)  ;  even  301  cold-rolled  stainless  steel  has 
been  found  to  exhibit  some  tendencies  toward  brittle  behavior  in  welded  joints  at 
-423°F;  although  this  grade  of  steel  is  usually  considered  to  have  excellent  low- 
temperature  properties  (Reference  19)  .  The  lack  of  understanding  of  these  and  other 
effects  illustrates  the  need  for  programs  to  determine  the  properties  of  high-strength 
structural  materials  at  cryogenic  temperatures. 

Since  this  program  was  aimed  primarily  at  missile  and  space  vehicle  applications, 
primary  attention  was  focused  on  sheet  alloys  in  thicknesses  ranging  from  0.012 
inches  to  0.  125  inches  because  large  propellant  tanks  are  fabricated  from  thin  gauge 
sheet.  In  addition,  since  weldability  is  of  prime  importance  in  the  fabrication  of 
these  vehicles,  the  sheet  alloys  were  tested  in  both  the  base  metal  and  welded  joint 
configurations.  The  materials  selected  for  investigation  represent  a  number  of 
different  alloy  systems  and  include  stainless  steels  and  aluminum  and  titanium  base 
alloys.  These  alloys  were  selected  for  investigation  because  they  exhibited  one  or 
more  of  the  following  characteristics  which  suited  them  for  missile  and  space  vehicle 
application:  high  strength/density  ratios;  good  toughness  (i.e. ,  resistance  to  brittle 
fracture)  ;  adequate  weldability;  retention  of  properties  at  moderately  high  temperatures 
corrosion  resistance;  and  good  formability.  In  order  to  obtain  optimum  strength 
levels,  the  particular  alloys  selected  for  study  were  either  cold  worked  (i.e. ,  cold- 
rolled)  or  heat  treated  (e.g. ,  age-hardened,  or  quenched  and  tempered)  to  their 
highest  strength  levels  commensurate  with  adequate  toughness. 
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2  TEST  PROGRAM 

The  test  program  consisted  of  the  determination  of  the  tensile  properties  of  parent 
and  weld  metal  and  the  fatigue  properties  of  complex  welded  joints  of  several  high- 
strength  sheet  materials  from  78°  to  -423°  F.  Test  materials  included  stainless 
steels  and  aluminum  and  titanium  base  alloys  which  are  of  interest  for  application  in 
long-range  missiles  and  space  vehicles  employing  cryogenic  propellants. 

Test  conditions  included  tensile  and  notched  tensile  testing  of  the  base  metal,  both 
longitudinal  and  transverse  to  the  direction  of  rolling,  at  78° ,  -100°  ,  -320°  ,  and 
-423°  F.  Three  notched  tensile  specimens,  having  K^.  values  of  3.2,  6.  3,  and  19,0 
were  used  for  evaluation  of  the  materials'  toughness.  Also  included  as  evaluation 
tests  were  cross-tension  and  tensile-shear  testing  of  individual  resistance  spot  welds 
and  tensile  testing  of  fusion  welds  at  78°  ,  -100°  ,  -320°  ,  and  -423°  F.  Fatigue  tests 
of  complex  welded  joints  were  conducted  at  78° ,  -320° ,  and  -423°F  to  develop  a  por¬ 
tion  of  the  S-N  diagram  (stress  level  versus  cycles  to  failure)  for  each  material  in 
the  high-stress,  finite-life  range.  Magnetic,  metallographic,  hardness,  and  chemical 
tests  were  performed  to  determine  mechanisms  and  origins  of  fractures,  to  observe 
microstructural  details ,  and  to  provide  information  on  low  temperature  embrittlement 
phenomena  and  fracture  characteristics.  References  20  through  23  give  complete 
details  of  the  test  program. 

Upon  completion  of  the  test  program,  the  test  data  were  statistically  reduced  and 
analyzed,  and  the  results  presented  in  graphical  and  tabular  form.  In  order  to 
satisfy  the  primary  objective  of  the  program,  which  was  to  develop  simple  and  in¬ 
expensive  laboratory-type  tests  to  evaluate  the  toughness  of  high  strength  sheet 
materials  at  cryogenic  temperatures,  the  data  were  analyzed  to  show  any  correlations 
between  the  evaluation  tests  and  the  fatigue  data.  The  fatigue  data  were  considered 
to  be  indicative  of  the  service  behavior  of  the  alloys  investigated  (References  20  and 
25).  Data  from  the  evaluation  tests,  which  included  notched  tensile  tests  and  resulting 
notched/unnotched  tensile  strength  ratios,  fusion-welded  tensile  tests,  and  tensile- 
shear  and  cross-tension  tests  of  individual  resistance  spot  welds,  were  analyzed  to 
see  which  test  or  tests  best  predicted  the  fatigue  life  of  the  materials  investigated, 

A  secondary  objective  of  the  test  program  was  to  provide  useful  engineering  data  on 
the  mechanical  properties  and  toughness  of  a  number  of  high  strength  sheet  materials. 
Therefore  five  or  more  replicate  tests  were  performed  and  the  data  statistically 
reduced  to  provide  information  on  the  tensile  and  weld  tensile  properties  from  78°  to 
-423°F.  Results  obtained  from  the  fatigue  and  evaluation  tests  were  analyzed  to 
determine  the  materials’  toughness  at  each  of  the  testing  temperatures.  From  these 
results  recommendations  concerning  the  use  of  each  material  for  pressure  vessel 
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applications  were  made.  The  criteria  used  for  determining  the  materials'  toughness 
at  each  testing  temperature  were:  adequate  fatigue  life  of  welded  joints,  a  notched/ 
unnotched  tensile  strength  ratio  of  near  unity  or  above,  tensile/shear  ratio  of  0.25 
or  above  as  obtained  from  individual  resistance  spot  welds,  an  increase  in  tensile 
strengths  of  notched  specimens  and  fusion  welded  specimens  with  a  decrease  in 
testing  temperature,  and  a  consistency  in  the  tensile  and  fatigue  data  (a  large  amount 
of  scatter  in  the  test  data  indicates  possible  embrittlement)  . 
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3  MATERIALS 

The  materials  selected  for  testing  in  this  investigation  included  cold-rolled  301, 
304ELC,  and  310  stainless  steels,  cold-rolled  and  tempered  AM-355  stainless  steel; 
2014-T6,  5052-H38,  and  5456-H343  aluminum  alloys;  alid  annealed  5Al-2,5Sn  titanium 
alloy.  The  history  and  chemical  analysis  of  these  materials  are  presented  in  Table  1. 

These  alloys  were  selected  for  the  following  reasons.  They  are  representative  of 
materials  which  are  currently  being  used  or  are  proposed  for  use  for  structural 
applications  in  missile  and  space  vehicle  systems.  The  alloys  represent  two  funda¬ 
mentally  different  methods  of  obtaining  high  strengths.  These  are  cold  rolling  (301, 
304ELC,  and  310  stainless  steels  and  5052  and  5456  aluminum  alloys)  and  heat  treat¬ 
ing  (AM-355  stainless  steel  and  2014  aluminum  alloy).  Also,  annealed  material  is 
represented  by  the  Ti-5Al-2.5Sn  alloy.  These  alloys  cover  a  wide  range  of  resistance 
to  brittle  failure,  particularly  at  cryogenic  temperatures.  Previous  data  have  indi¬ 
cated  that  the  cold-rolled  stainless  steels  at  -423  °F  have  decreasing  toughness  in  the 
order  310,  304ELC,  and  301.  Also  previous  data  indicated  that  2014  and  5052  are 
tough,  whereas  5456  is  relatively  brittle  at  -423°  F.  The  AM-355  stainless  steel  in 
the  CRT  condition  was  expected  to  have  the  least  resistance  to  brittle  fracture  of  the 
alloys  investigated  at  cryogenic  temperatures. 

The  notched  tensile  data  and  notched/unnotched  tension  ratios  obtained  early  in  the 
investigation  indicated  that  the  particular  heat  of  T5T)e  301  stainless  steel  (heat  No. 
49061)  was  more  brittle  at  -320°  and  -423°  F  than  previous  heats  which  had  been 
evaluated  at  General  Dynamics/Astronautics  (References  19,  24,  and  25).  Therefore, 
another  heat  of  301  steel  (heat  No.  57644)  was  included  in  the  test  program.  For  the 
same  reason,  two  heats  of  the  Ti-5Al-2.  5Sn  alloy  were  evaluated.  Heat  M-8394  was 
the  original  titanium  test  material  evaluated.  This  heat  was  purchased  to  commer¬ 
cial  specifications  which  allows  interstitial  (C,  O2,  N2,  and  H2)  and  iron  contents 
to  be  too  high  for  adequate  toughness  at  extreme  sub-zero  temperatures.  Since  the 
initiation  of  this  investigation  it  has  been  found  that  the  amoimt  of  the  interstitials 
and  iron  must  be  limited  to  moderately  low  values  in  the  Ti-5Al-2. 5Sn  alloy  to 
retain  adequate  resistance  to  brittle  failure  at  -423°  F  (References  26  and  27).  A 
special  Astronautics  specification  (GD/A-0-71010)  which  limits  the  interstitial 
elements  and  iron  contents  was  prepared  for  the  purchase  of  Ti-5Al-2.  5Sn  alloy. 

Heat  3930131  was  purchased  to  this  specification.  Tensile  and  fatigue  property  data 
obtained  on  this  heat  are  reported. 

The  materials  were  tested  in  the  as -received  condition  (as  shown  in  Table  1)  with  no 
further  cold  working  or  heat  treatment.  Physical  properties  and  chemistry  met  the 
specifications  for  which  they  were  purchased  for  each  of  the  alloys  investigated. 
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4  TEST  SPECIMENS 

The  test  specimens  used  in  this  investigation  included  a  standard  flat  tensile  specimen, 
three  different  notched  tensile  specimens,  cross-tension  and  tensile-shear  spot- 
welded  specimens,  and  a  number  of  large  fatigue  specimens  (38  inches  long)  contain¬ 
ing  complex-welded  joints.  A  drawing  of  the  flat  tensile  specimen  used  for  base 
metal  and  fusion  weld  tensile  testing  is  shown  in  Figure  1,  A  photograph  of  typical 
specimens  is  shown  in  Figure  8.  Drawings  of  the  notched  tensile  specimens  are 
shown  in  Figures  2  and  3,  Figure  3  presents  those  notched  specimens  having  stress 
concentration  factors  of  3.  2  and  6.3.  Figure  4  shows  the  drawing  of  the  notched 
tensile  specimen  with  a  of  18.  7.  A  photograph  of  typical  notched  specimens  is 
shown  in  Figure  9.  There  are  several  methods  for  determining  the  stress  concen¬ 
tration  factor  of  a  notched  specimen.  The  stress  concentration  factors  referred  to 
throughout  this  report  were  determined  by  means  of  the  equation:  =  /  a/r  where 

Kj.  is  the  stress  concentration  factor,  a  is  one  half  of  the  distance  between  the  notches 
and  r  is  the  radius  at  the  root  of  the  notches.  Stress  concentration  factors  as  deter¬ 
mined  by  Peterson's  equation  (Reference  28)  and  by  Neuber's  concept  (Reference  29) 
are  presented  below: 


Notch  "B" 

Notch  "A" 

Sharp  Notch 

Total  Width  (Inches) 

0.4 

0.4 

1.  0 

Width  between  Notches  (2a)  (Inches) 

0.2 

0.2 

0.  7 

Radius  (r)  (Inches) 

0.01 

0.0025 

0.001 

(/^) 

3.2 

6.3 

18.7 

(Peterson) 

3.8 

7.2 

21.  0 

(Neuber) 

3.9 

7.  5 

— 

Dimensional  tolerances  for  machining  of  the  test  specimens  (see  Figures  2  and  3) 
allow  stress  concentration  factors  which  may  vary  as  much  as  15  percent;  therefore, 
the  was  calculated  by  means  of  /a/r  for  each  notch  specimen  tested  and  is  pre¬ 
sented  in  parenthesis  with  the  notched  tensile  data  in  Tables  5  through  12.  The 
cross-tension  and  tensile-shear  resistance  spot-welded  specimens  are  shown  in 
Figures  4  and  10.  Drawings  of  the  fatigue  specimens  are  given  in  Figures  5,  6,  and 
7,  and  photographs  of  typical  specimens  are  shown  in  Figures  11,  12,  and  13.  Figure 
5  gives  the  print  used  for  machining  the  stainless  steel  and  titanium  longitudinal 
fatigue  specimens.  Figure  6  gives  the  machining  print  for  the  transverse  fatigue 
specimens  for  stainless  steels  and  titanium  alloys.  The  print  shown  in  Figure  7 
was  used  for  both  the  longitudinal  and  transverse  fatigue  specimens  of  the  three  alu¬ 
minum  alloys.  The  joints  referred  to  in  Tables  18  through  25  are  as  follows: 
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For  Stainless  Steels  and  Titanium: 

Longitudinal  Joint  No.  1  refers  to  the  complex- welded  fatigue  specimens  with  a  doubler 
sheet  attached  by  four  rows  of  spot  welds  on  each  side  of  the  fusion  weld  joint  (shown 
in  Figures  5  and  11). 

Longitudinal  joint  No.  2  refers  to  the  complex-welded 
of  spot  welds  on  each  side  of  the  fusion  weld  (same  as 
rows  of  spot  welds  on  each  side  of  the  fusion  weld  are 
t3T)lcal  specimen  having  a  joint  No.  2  configuration. 

Longitudinal  joint  No.  3  (titanium  only)  refers  to  the  welded  fatigue  specimen  with  no 
doubler  attached.  This  specimen  is  machined  per  the  print  given  in  Figure  5;  however, 
the  joint  consists  of  only  a  fusion  weld  with  no  doubler.  Figure  13  shows  a  typical 
fatigue  specimen  having  a  joint  No.  3  configuration. 

Transverse  joint  No.  1  refers  to  the  complex  welded  joint  which  is  composed  of  an 
overlapping  joint  welded  by  resistance  roll  seam  welding  with  one  row  of  resistance 
spot  welds  on  each  side  of  the  roll  seam  weld.  The  print  for  this  specimen  is  given 
in  Figure  6  and  a  typical  specimen  is  shown  in  Figure  11. 

Transverse  joint  No.  2  (310  stainless  steel  only)  Is  the  same  joint  as  longitudinal  joint 
No.  1;  however,  the  material  is  tested  in  the  transverse  direction. 

For  Aluminum  Alloys: 

Longitudinal  and  transverse  joint  No.  1  refers  to  the  fusion-welded  fatigue  specimens 
as  shown  in  the  print  in  Figure  7.  The  longitudinal  and  transverse  specimens  have  the 
same  joint  configuration.  A  typical  specimen  is  shown  in  Figure  12.  Also  shown  is 
the  fatigue  specimen  with  a  thicker  area  at  the  joint  accomplished  by  machine  milling 
on  both  sides  of  the  fusion  weld. 

Longitudinal  joint  No.  2  refers  to  a  complex  joint  containing  a  doubler  sheet  fusion 
welded  to  the  specimen  at  the  fusion-weld  area.  This  joint  contains  no  spot  welds.  A 
typical  specimen  is  shown  in  Figure  12  (center  specimen). 

The  procedure  for  specimen  preparation  was  as  follows.  Specimen  layout  and  identifi¬ 
cation  was  made  on  the  sheet  materials.  Specimen  blanks  were  then  sheared  and  those 
specimens  requiring  fusion  or  resistance  roll  seam  welding  were  welded.  The  fusion- 
weld,  spot-weld,  and  roll-seam-weld  schedules  are  given  in  Tables  2,  3,  and  4.  All 
the  welds  were  visually  inspected  and  some  were  inspected  by  means  of  an  x-ray 
examination.  Typical  radiographic  prints  of  welded  joints  of  fatigue  specimens  are 
shown  in  Figures  15  and  16.  The  specimen  blanks  were  then  machined  and  surfaces 


fatigue  specimens  with  two  rows 
joint  No.  1  except  the  outer  two 
deleted).  Figure  11  shows  a 
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prepared  for  testing  and  then  inspected.  Any  specimens  which  were  not  within  the 
dimensional  tolerances  of  the  machining  prints  were  discarded.  Doublers  were  then 
spot  welded  on  the  fatigue  specimens.  Notched  tensile  specimens  were  measured  by 
means  of  an  optical  comparator.  Smooth  tensile  and  fatigue  specimens  were  measured 
to  0. 0001  inch  by  means  of  a  micrometer. 

A  few  crack  propagation  tests  were  made  during  this  investigation.  The  specimens 
used  for  this  testing  are  shown  in  Figure  14. 
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5  APPARATUS  AND  PROCEDURE 

The  tensile  specimens  were  tested  on  a  30,000-pound  Tinius-Olsenor  a  50,000-pound 
Baldwin-Emery  universal  testing  machine  equipped  with  continuous  stress-strain 
recorders  and  strain  pacers.  Specially  constructed  cryostats  were  used  for  testing 
at  sub-zero  temperatures.  Small,  open  cryostats  were  used  for  tests  at  -100°  F  by 
immersion  of  the  specimens  in  a  bath  of  dry  ice  and  alcohol  and  at  -320°F  by  immer¬ 
sion  in  liquid  nitrogen.  Cryostats  which  were  specially  designed  for  tensile  testing 
in  liquid  hydrogen  were  used  for  tensile  tests  conducted  at  -423°F. 

The  liquid-hydrogen  cryostats,  pull  rods,  grips  and  other  accessories  are  constructed 
from  321  stainless  steel.  The  liquid-hydrogen  chambers  are  insulated  by  a  concentric 
vacuum  space,  a  liquid-nitrogen  bath,  and  foamed  polyurethane  insulation.  Lids  provided 
with  ports  for  the  pull  rods,  exhaust  vents,  and  extensometers  are  gas-tight  fits  to  the 
chambers  by  means  of  mechanical  clamps  and  Teflon  0-ring  seals.  Temperature 
measurement  is  accomplished  by  means  of  copper-constantan  thermocouples.  Liquid- 
level  indicators,  using  carbon -resistor  sensors,  are  used  to  monitor  the  amount  of 
liquid  hydrogen  present  in  the  test  chambers.  Immersion  type  heater  elements  are 
used  to  boil  off  the  liquid  hydrogen  upon  completion  of  each  test.  A  heater  was  chosen 
over  other  means  of  removing  the  liquid  hydrogen  because  it  permits  rapid  testing, 
is  simple  in  design,  is  easy  to  use,  and  allows  for  greater  safety.  Figures  17,  18, 
and  19  show  views  of  the  two  liquid-hydrogen  cryostats  used  for  tensile  testing  in 
this  investigation.  Figure  17  shows  the  pull  rod  with  universal  joint,  stainless  steel 
flex  line  for  exhaust  of  hydrogen  gas,  the  lid  clamped  into  position  and  electrical  leads 
to  the  heater,  liquid-level  indicator,  thermocouples,  and  extensometer.  Figure  18 
shows  a  specimen  being  loaded  into  the  liquid-hydrogen  cryostat.  The  dewar  at  the 
right  contains  liquid  nitrogen  which  is  used  as  an  insulation  jacket.  Figure  19  shows 
the  transfer  of  liquid  hydrogen  from  a  50-liter  dewar  to  the  test  chamber  through  a 
vacuum-insulated  transfer  line.  A  gas  analyzer  is  being  used  to  determine  the  amount 
of  hydrogen  gas  escaping  into  the  laboratory.  Also  shown  in  Figure  19  is  a  view  of  one 
of  the  cryogenic  laboratories  equipped  for  liquid-hydrogen  testing.  The  ceiling  is  gas 
tight  and  tapers  to  the  center  of  the  room  where  three  explosion-proofed  motors  and 
fans  create  a  circulation  of  air  in  the  laboratory  at  the  rate  of  four  changes  per  minute. 
All  lights  and  electrical  connections  and  equipment  higher  than  three  feet  above  the 
floor  are  explosion  proofed.  All  equipment  which  could  not  be  explosion  proofed  was 
placed  inside  the  operator's  room,  shown  in  Figure  19. 

Continuous  recordings  of  stress-strain  curves  were  accomplished  by  means  of  stand¬ 
ard  extensometers  for  the  room  temperature  tests  and  specially  designed  cryo- 
extensometers  for  the  sub-zero  temperature  tests.  An  assembly  view  of  a  cryo- 
extensometer,  clamps,  and  a  tensile  specimen  is  shown  in  Figure  20.  The  cryo- 
extensometer  used  to  measure  strain  in  the  gauge  length  of  the  specimen  uses  two 
knife  edges  clamped  to  the  specimen.  The  knife  edges  are  attached  to  tubes  extending 
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outside  the  liquid-hydrogen  chamber.  Thus  strain  in  the  specimen  results  in  differ¬ 
ential  movement  of  the  two  tubes  which  protrude  above  the  cryostat.  This  differential 
movement,  which  is  proportional  to  strain,  is  used  as  the  input  (through  a  lever)  to  a 
differential-transformer -type  transducer.  The  output  of  this  transducer  is  an  elec¬ 
trical  signal  which  is  used  to  control  the  abscissa  (strain  axis)  of  an  automatic 
recorder  that  produces  a  continuous  stress -strain  curve. 

Figure  20  shows  how  both  the  extension  tubes  and  transducer  are  attached  to  a  frame 
and  connected  to  each  other  through  a  lever  system. 

The  knife  edges  are  attached  to  the  specimen  with  the  help  of  a  precision  gage  block 
which  ensures  that  the  knife  edges  are  parallel  and  separated  by  the  gage  length 
desired  (two  inches  in  this  case).  The  extensometer  is  designed  to  withstand  severe 
shock  without  damaging  the  equipment  so  that  strain  can  be  recorded  until  specimen 
fracture.  The  sensitivity  of  the  extensometer  system  is  0.  0001  inch.  The  exten- 
someters  as  well  as  the  strain  pacer,  stress-strain  recorder,  and  the  load  cells 
are  periodically  standardized  and  their  accuracy  checked. 

The  sequence  of  operations  in  performing  the  tensile  tests  is  as  follows.  The  speci¬ 
mens  are  checked  for  surface  defects,  measured  by  means  of  a  micrometer,  and 
gage  marked  for  total  elongation  determination.  The  specimens  are  placed  in  the 
equipment  and  brought  to  the  proper  temperature  by  means  of  dry  ice  and  alcohol 
(-100°  F)  ,  liquid  nitrogen  (-320° F)  ,  or  liquid  hydrogen  (-423°  F).  The  temperature 
of  the  test  specimen  is  measured  by  means  of  copper -constantan  thermocouples. 

The  specimens  are  loaded  in  tension  until  failure  at  the  following  rates;  0.  001  in./ 
in. /min  until  0.  2-percent  yield  followed  by  0.  15  in. /min  until  failure  for  the  parent 
metal  and  fusion-welded  tensile  tests;  0.  001  in. /in. /min  as  determined  by  an  exten¬ 
someter  (about  0.  01  to  0.  02  in. /min)  for  the  notched  tensile  tests;  0.  1  in. /min  for 
the  spot-welded  cross-tension  and  tensile-shear  tests.  Upon  failure  the  specimen 
is  removed  and  another  prepared  for  test.  Each  test  is  assigned  a  run  number,  and 
all  data,  including  specimen  number  and  measurements,  test  temperature,  loads, 
stress-strain  curve,  strain  rate,  elongation,  and  special  remarks,  are  recorded. 

The  results,  as  reported  in  Tables  5  through  12,  are  then  determined. 

A  thorough  description  of  the  liquid-hydrogen  cryostats,  cryo-extensometers,  and 
accessory  equipment,  as  well  as  the  safety  features,  rapidity  of  testing,  and  sequence 
of  operations  may  be  found  in  Reference  30. 

The  high-stress,  low -cycle  fatigue  tests  were  conducted  on  a  series  of  hydraulic  test 
beds.  Figure  21  shows  a  static  tensile  test  being  performed  on  a  301  stainless  steel 
fatigue  specimen  at  room  temperature.  Figure  22  shows  the  same  type  of  test  being 
performed  at  -320°  F.  These  specimens  are  being  static  tested  on  a  200,  000-pound 
Tinius -Olsen  universal  testing  machine.  Figure  23  shows  a  view  of  the  outdoor  liquid- 
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hydrogen  testing  area  where  the  fatigue  tests  are  performed.  The  dewar  trailers  shown 
in  Figure  23  contain  liquid  nitrogen  and  liquid  hydrogen.  The  test  console  is  shown 
in  the  foreground.  The  test  beds  are  located  in  the  small  building  (center  of  photo). 

The  building  is  equipped  with  blower  fans  which  circulate  the  air  during  the  test. 

Gaseous  hydrogen  may  be  seen  escaping  to  the  atmosphere  at  the  top  of  the  exhaust 
stack.  Figure  24  shows  the  hydraulic  rams  which  are  used  on  one  of  the  four  test 
beds.  Test  gages,  such  as  shown  in  Figure  24,  are  located  at  the  test  beds  and  at  the 
test  console  (located  about  20  yards  from  the  test  beds).  Automatic  cycling  apparatus 
equipped  with  counters  is  used  to  monitor  the  fatigue  tests  with  minimum  operators’ 
attendance.  One  of  the  test  beds  is  shown  in  Figure  25.  The  specimen,  which  is 
shown  loaded  in  the  test  bed,  may  be  tested  at  room  temperature  or  at  -320°F  (by 
filling  and  maintaining  the  insulated  test  chamber  with  liquid  nitrogen)  .  A  photo  of 
a  fatigue  specimen  being  prepared  for  testing  at  -423°F  is  shown  in  Figure  26.  The 
liquid-hydrogen  cryostat,  also  shown  in  Figures  27  and  28,  is  positioned  on  the  fatigue 
specimen.  The  specimen  is  then  mounted  in  the  test  bed  which  is  filled  with  liquid 
nitrogen.  The  liquid-hydrogen  cryostat  is  then  filled  and  maintained  with  liquid 
hydrogen.  After  the  specimen  has  come  to  temperature,  the  fatigue  test  is  conducted. 
Shown  in  Figure  26  is  the  vacuum-insulated  fill  line,  exhaust  line,  and  electrical  leads 
to  a  liquid -level  sensor  and  thermocouple. 

The  sequence  of  operations  for  fatigue  testing  is  as  follows.  The  specimens  are 
inspected  and  area  determinations  made.  The  specimens  are  placed  in  the  test  bed 
and  brought  to  test  temperature.  Loads  are  set  by  means  of  a  test  gage  and  a  four¬ 
way,  solenoid  operated,  hydraulic  control  valve.  The  test  is  operated  automatically 
with  the  number  of  cycles  determined  by  an  electrical  counter.  The  fatigue  tests  are 
conducted  at  the  rate  of  six  cycles  per  minute.  Static  tests  are  performed  at  0.001 
in. /in. /min  until  failure. 

In  addition  to  the  tensile  and  fatigue  tests,  a  few  crack  propagation  tests  were  made 
during  this  study.  The  cryostat  used  for  these  tests  is  shown  in  Figure  29.  Observa¬ 
tion  of  the  specimen  (shown  in  Figure  14)  and  the  extension  of  the  crack  upon  loading 
is  made  by  means  of  a  simple  optical  system.  More  information  on  the  crack  propa¬ 
gation  testing  apparatus  and  procedure  may  be  found  in  Reference  31. 

The  failed  tensile  and  fatigue  specimens  were  visually  observed,  hardness  and  mag¬ 
netic  (for  steels)  measurements  were  made;  and  fractured  edges  mounted  for  metal- 
lographic  examination.  These  tests  were  made  to  help  determine  the  mechanism  and 
origins  of  fractures,  to  observe  microstructural  details,  and  to  provide  information 
on  low-temperature  embrittlement  phenomena  and  fracture  characteristics.  Hardness 
measurements  were  performed  on  a  Rockwell  Superficial  hardness  tester  using  the 
15-N  scale.  Magnetic  measurements  were  made  by  means  of  a  Magne-Gage  which  had 
been  calibrated  to  read  directly  in  terms  of  percent  martensite  present  in  stainless 
steels  (Reference  32).  Metallographic  studies  were  made  with  conventional  equipment. 
Figure  30  is  a  view  of  the  metallography  laboratory  showing  metallurgical  microscopes, 
metallograph,  and  electron  microscope. 
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6  EXPERIMENTAL  RESULTS 

Mechanical  property  data  on  base  metal  tensile  tests  are  given  in  Tables  5  through 
12,  25,  and  26  for  the  materials  tested  in  this  investigation.  These  tables  include 
yield  (0.2  percent  offset)  and  tensile  strengths  at  each  testing  temperature.  These 
data  are  plotted  as  a  function  of  temperature  in  Figures  31  through  38.  Total  elonga¬ 
tions  are  reported  in  the  tables  and  plotted  in  Figures  39  and  40.  Notched  tensile 
strengths,  notched/unnotched  tensile  ratios,  fracture  toughness  and  stress  concentra¬ 
tion  factors  are  given  in  Tables  5  through  12 .  The  notched  data  are  shown  graphically 
in  Figures  41  through  58.  The  stress  concentration  factor  (K^)  of  each  individual 
notched  specimen  is  reported  in  parenthesis  with  the  notched  tensile  data.  The 
fracture  toughness  values  were  calculated  from  the  equation  =  7raa^  where  K  is 
the  fracture  toughness,  a  is  one  half  of  the  initial  crack  (notch)  length  and  cr  is  the 
gross  stress  (Reference  33).  It  should  be  noted  that  the  fracture  toughness  values 
reported  in  Tables  5  through  12  were  calculated  from  initial  crack  (notch)  lengths 
and  not  the  critical  crack  lengths.  Therefore,  the  values  reported  are  K  values,  not 
Kc  values,  and  as  such  may  be  conservative.  Some  and  data  are  reported  for 
Type  301  stainless  steel  (reported  in  Section  8),  Tensile  data  obtained  on  single 
fusion  welds  are  reported  in  Tables  5  through  12,  26,  and27.  Tensile  strengths,  joint 
efficiencies,  and  elongations  of  the  welds  are  shown  as  a  function  of  test  temperature 
in  Figures  59  through  64.  Hardness  values  and  magnetic  measurements  of  fractured 
tensile  specimens  are  reported  in  Tables  5  through  12. 

Cross-tension  and  tensile-shear  data  obtained  on  Individual  resistance  spot  welds  are 
reported  in  Tables  13  through  17,  These  data  are  shown  graphically  as  a  fimction  of 
temperature  in  Figure  65. 

The  high-stress,  low-cycle  fatigue  data  are  reported  in  Tables  18  through  26  and 
Table  28.  S-N  (stress  level  versus  number  of  cycles  to  failure)  curves  were  plotted 
from  the  fatigue  data  and  are  shown  in  Figures  66  through  103, 

Photographs  were  made  of  typical  tensile  and  fatigue  specimen  fractures.  Figures 
104  through  107  show  typical  failures  of  base  metal  and  simple  fusion-weld  tensile 
specimens.  Typical  fractures  of  the  fatigue  specimens  are  shown  in  Figures  118 
through  128.  Photomicrographs  were  made  on  fractured  edges  of  tensile  specimens 
and  are  shown  in  Figures  108  through  115.  Photomicrographs  of  resistance  spot 
welds  are  shown  in  Figures  116  and  117. 

Results  of  a  statistical  reduction  and  analysis  of  the  tensile  data  of  base  metal, 
fusion  welds  and  cross-tension  and  tensile-shear  data  of  resistance  spot  welds  are 
given  in  Table  30  and  Figures  129  through  138, 
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7  STATISTICAL  ANALYSIS  OF  DATA 

A  statistical  analysis  was  performed  on  each  of  the  alloys  tested  in  this  investigation. 
Results  of  the  statistical  analysis  are  reported  for  F^y,  F^^,  and  weld  tensile 
strengths  for  both  the  longitudinal  and  transverse  directions,  and  cross-tension  and 
tensile-shear  strengths  of  individual  resistance  spot  welds.  The  data  for  each  of 
the  test  temperatures  were  analyzed. 

Mean  values,  standard  deviations,  and  90-  and  99-percent  probability  (with  95-percent 
confidence)  values  were  obtained  for  the  particular  heats  and  coils  of  materials 
tested.  The  90-  and  99-percent  levels  employed  herein  statistically  correspond, 
respectively,  to  the  "B"  and  "A"  values  as  discussed  in  MIL-HDBK-5,  March  1959 
(Reference  34) .  The  "B”  and  "A"  values  are  not  considered  to  be  material  design 
allowables  because  only  one  heat  and  coil  of  each  material  was  tested  which  probably 
would  not  be  fully  representative  of  all  material  produced  to  the  same  specifications. 
Therefore,  the  90-  and  99-percent  levels  may  be  considered  to  be  "B"  and  "A"  design 
allowables  only  for  the  particular  coils  tested. 

For  the  purposes  of  this  report,  an  "A"  value  will  be  considered  to  be  that  level 
which  would  be  exceeded  by  at  least  99  percent  of  the  population;  i,  e, ,  the  confidence 
is  95  percent  that  99  percent  of  all  the  test  data,  for  each  test  condition  obtained  from 
the  tested  heat  and  coil  of  material,  would  exceed  the  "A"  value.  The  "B"  value  is 
similarly  defined  for  90-percent  probability  and  95-percent  confidence.  The  material 
property  data  were  analyzed  independently  for  each  test  condition.  For  F^y,  Ft^, 
and  weld  tensile  strength,  five  test  values  were  analyzed  for  each  combination  of 
eight  materials,  two  grain  directions,  and  four  temperatures.  For  spot -weld  tensile 
and  shear  strengths,  twenty  test  values  were  analyzed  for  each  combination  of  five 
materials  and  four  temperatures.  In  each  case  the  sample  standard  deviation  (s) 
was  calculated  from  the  following  equation; 


s  = 
\ 

Where  N  =  number  of  test  values, 

=  test  values,  and 

1  N  „ 


N 

E  (X.-X)‘ 
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The  "A"  and  "B"  values  were  evaluated  by  subtracting  from  X  the  product  ks,  where 
k  is  the  applicable  probability  tolerance  factor  as  follows; 

X  =  X  -  k  s 
B  B 

X.  =  X  - k  s 
A  A 

Reference  35  contains  tables  of  the  one-sided  tolerance  factors  for  the  normal  distri¬ 
bution  at  the  desired  levels  of  probability  and  confidence.  The  assumption  of  normal¬ 
ity  in  the  analyses  is  justifiable  on  the  basis  of  the  small  sample  sizes.  Previous 
investigations  of  strength  properties  having  large  sample  sizes  indicate  that  the 
distribution  functions  are  often  slightly  non-normal  (Reference  36)  .  In  many  cases, 
the  log-normal  distribution  best  describes  the  total  population  due  to  the  influence 
of  specification  minimum  requirements,  quality  control,  etc.  However,  the  use  of 
non-normal  distribution  functions  with  small  sample  sizes  where  the  population  dis¬ 
tribution  function  is  not  definitely  known  may  lead  to  erroneous  results.  The  normal 
or  Gaussian  distribution  function  was  therefore  adopted  for  the  analysis  of  the  data 
herein. 

•The  data  were  coded  for  and  analyzed  on  an  IBM  7090  digital  computer.  The  results 
of  the  statistical  analysis  are  presented  in  Table  29.  Included  in  Table  29  are  the 
means,  standard  deviations,  and  "A"  and  "B"  values.  An  effort  was  made  to  indicate 
possible  misleading  values  resulting  from  the  statistical  study.  In  general,  for 
mechanical  property  data  of  engineering  materials,  the  "A"  value  should  exceed 
80  percent  of  the  mean.  Those  "A"  values  given  in  Table  29  which  did  not 
exceed  80  percent  of  the  mean  are  indicated  by  means  of  an  asterisk.  There  are 
several  possible  explanations  for  the  large  standard  deviations,  and  thus  low  design 
allowable  values,  for  the  cases  noted.  There  may  have  been  too  few  of  a  number  of 
test  values,  in  which  case  additional  testing  would  have  to  be  performed  to  obtain 
better  estimates  of  the  population  parameters.  It  may  be  that  even  with  additional 
testing  the  dispersion  of  the  data  would  remain  large,  in  which  case,  it  is  possible 
that  the  data  are  not  definitive  enough  to  permit  a  reasonable  statistical  evaluation. 
Large  standard  deviations  may  also  be  a  result  of  the  material,  fabrication  of  the 
test  specimen,  or  testing  equipment  and  procedure.  A  more  thorough  study  of  the 
standard  deviations  as  a  function  of  test  temperature  was  made.  The  results  are 
plotted  in  Figures  129  through  138.  In  general,  the  standard  deviations  increase  with 
decrease  in  testing  temperature,  and  the  standard  deviations  are  larger  for  the  tensile 
strengths  of  welds  than  for  the  base  metal.  The  explanation  for  the  latter  case  is 
that  the  welding  process  has  introduced  other  factors  which  would  tend  to  increase 
the  amount  of  scatter  in  the  tensile  data.  These  factors  include  porosity,  lack  of 
fusion,  gas  absorption,  thinning,  mismatch,  presence  of  intermetallics  in  the  heat 
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affected  zone  (which  tends  to  decrease  the  resistance  to  brittle  fracture)  ,  etc. 

Although  the  welds  were  found  to  be  radiographically  sound  and  acceptable  per  indus¬ 
trial  standards,  it  is  felt  that  the  added  factors  introduced  by  the  presence  of  the 
welds  may  be  responsible  for  those  cases  in  which  the  dispersion  of  the  tensile  data 
was  greater  for  the  weld  metal  than  for  the  parent  metal. 

The  general  increase  of  standard  deviations  with  decrease  in  testing  temperature  is 
felt  to  be  due  to  several  reasons.  The  values  of  the  test  data  generally  increase  with 
decrease  in  testing  temperature;  therefore,  a  larger  standard  deviation  (actual  value, 
not  percent  of  standard  deviation  with  respect  to  mean  value,  i.  e.  s/X)  would  be 
expected.  Graphs  of  s/X  versus  temperature  were  plotted  to  determine  the  validity 
of  this  explanation.  It  was  found  that  the  s/X  values  when  plotted  versus  temperature 
did  not  increase  as  much  with  decrease  in  test  temperature  as  for  the  s  versus 
temperature  plots.  This  would  indicate  that  the  effect  of  increasing  test  values  with 
decreasing  temperatures  was  to  increase  the  standard  deviation  at  the  lower  test 
temperatures.  However,  this  does  not  totally  explain  the  increase  of  standard 
deviation  with  decrease  in  temperature  because,  in  general,  the  values  of  the  standard 
deviations  divided  by  the  means  (s/X)  also  increased  with  decrease  in  temperature. 

A  possible  explanation  for  the  increased  scatter  of  test  data  at  sub-zero  temperatures 
is  the  greater  likelihood  of  experimental  error  at  the  lower  temperatures  due  to  the 
necessary  increase  in  complexity  of  the  test  equipment.  It  is  believed  that  a  more 
likely  explanation,  however,  is  that  some  of  the  materials  tested  in  this  investigation 
become  less  tough  with  decrease  in  temperature  and  that  decreased  toughness  (embrit¬ 
tlement)  is  directly  proportional  to  increased  scatter  in  the  test  data.  Previous  data 
have  indicated  that  a  greater  spread  of  test  values  is  obtained  for  the  more  brittle 
materials  than  for  tough  materials  (Reference  25)  .  As  may  be  seen  in  Table  29  and 
Figures  129  through  138,  those  materials  with  large  standard  deviations  and  low  "A" 
and  "B"  values  (as  compared  to  the  mean  values)  ,  for  a  particular  test  condition 
(temperature,  grain  direction) ,  appear  to  be  less  tough  as  determined  by  notched 
tensile  tests,  spotweld  tensile  and  shear  tests,  and  fatigue  tests.  An  exception  to 
this  is  the  weld  tensile  data  which  was  discussed  previously,  and  is  felt  to  be  due  to 
the  presence  of  the  weld.  It  is  believed  that  a  statistical  analysis  (particularly  s/X 
versus  temperature)  of  tensile  test  data  can  be  used  in  the  evaluation  of  the  toughness 
of  a  material,  and  it  is  suggested  that  further  efforts  be  made  in  the  development  of 
this  method  of  evaluating  candidate  materials  for  structural  applications  at  cryogenic 
temperature. 

It  is  again  emphasized  that  the  'A"  and  "B"  values  as  given  in  Table  29  are  not 
intended  as  design  allowables  for  the  materials  but  are,  as  defined  previously, 
probability  values  based  upon  tests  from  one  coil  of  one  heat  of  each  material. 
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8  DISCUSSION  OF  RESULTS 

Each  of  the  alloys  tested  in  this  investigation  will  be  discussed  individually  to  provide 
maximum  clarification  and  interpretation  of  the  experimental  results.  This  is 
necessary  due  to  the  large  amount  of  data  obtained  in  this  study.  Several  correla¬ 
tions  between  the  data  of  one  alloy  and  another,  however,  are  noted  and  graphs  of 
tensile  and  fatigue  properties  of  all  the  alloys  are  shown  in  Figures  31  through  65, 

78  through  86,  94  through  99,  and  137  and  138. 

8.1  301  STAINLESS  STEEL.  Base  metal  tensile,  notched  tensile,  and  fusion-weld 

tensile  data  at  78°,  -100°,  -320°,  and  -423°  F  are  presented  for  one  heat  of  60-percent 
cold-rolled  Type  301  stainless  steel  in  Table  5  and  Figures  31  through  64.  Table  13  and 
Figure  65  present  cross-tensile  and  tensile-shear  data  on  individual  resistance  spot 
welds  of  this  alloy  at  the  same  temperatures.  High-stress,  low-cycle  axial  fatigue 
data  obtained  on  complex-welded  joints  are  presented  in  Table  18  and  Figures  66 
through  68  and  78  through  86.  Results  of  a  statistical  analysis  of  these  data  are  given 
in  Table  29  and  Figures  129,  137,  and  138.  Photographs  of  typical  fractures  of  base 
metal  and  welded  tensile  specimens  are  shown  in  Figure  104  with  photomicrographs 
of  the  fractured  edges  shown  in  Figure  108.  Fractures  of  fatigue  specimens  were 
similar  at  each  testing  temperature  and  are  typified  by  those  failures  shown  in  Figure 
118.  Figure  119  shows  a  failure  in  the  base  metal,  indicating  100-percent  Joint  efficiency. 

As  may  be  seen  in  Tables  1  and  5,  the  301  material  meets  Specification  GD/A-0-71004 
with  respect  to  chemistry  and  room  temperature  base  metal  mechanical  properties 
(minimum  F^y  of  160  ksi;  minimum  Ftu  of  200  ksi;  minimum  elongation  of  2. 0  percent). 
There  are,  however,  several  notable  differences  between  this  particular  heat  (49061) 
of  material  and  those  which  have  been  tested  previously  (References  19  and  24),  and 
it  was  for  this  reason  that  another  heat  of  Type  301  stainless  steel  was  included  in  the 
test  program  in  addition  to  the  initial  one.  The  tensile  and  fatigue  property  data 
obtained  on  the  second  heat  (57644)  are  presented  in  Table  26.  The  differences  in  heat 
49061  and  previous  heats,  as  mentioned  above,  include:  greater  directionality  effects 
(F^y  and  F^^  at  78°  F)  than  normal;  very  low  notched  tensile  strengths  (K^.  =  6.  3)  and 
reduced  notched/unnotched  tensile  ratios  in  the  transverse  direction  at  all  testing 
temperatures  and  in  the  longitudinal  direction  at  -320°  and  -423°  F;  low  joint  efficiencies; 
low  elongations  in  the  base  metal  and  fusion- weld  joints;  greater  amounts  of  martensite 
in  the  base  metal  (75  to  80  percent  as  compared  to  the  normal  60  to  65  percent);  a 
larger  amount  of  stringers  present  in  the  microstructure  (see  Figure  108);  low  static 
joint  efficiencies  of  complex-welded  joints  at  -423°  F  (about  60  percent);  and  decreased 
resistance  to  fatigue  failure  of  the  complex  joints  at  -423°  F. 

Examination  of  the  notched/unnotched  tensile  ratios  (Table  5)  shows  the  following.  The 
notched/vmnotched  tensile  ratios  obtained  from  the  notched  specimen  with  a  of  3.2 
indicate  a  decrease  in  toughness  at  -320°  F  for  the  longitudinal  direction  and  a  decrease 
in  toughness  at  -423°  F  for  the  transverse  direction.  With  a  Kj.  of  6.3,  the  ratios 
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indicate  a  decrease  in  toughness  for  both  rolling  directions  at  -320°  and  -423°  F. 

With  a  of  19,  the  ratios  also  indicate  low-temperature  embrittlement  for  both 
directions  at  -320°  and  -423°  F.  The  notched/unnotched  tensile  ratios  obtained  from 
each  of  the  notched  specimens  (Kj.  of  3.2,  6.  3,  and  19)  indicate  that  the  transverse 
rolling  direction  is  less  tough  than  the  longitudinal  direction. 

Fusion-weld  joint  tensile  strengths,  elongations,  and  joint  efficiencies  indicate  a  large 
resistance  to  brittle  failure  from  78°  to  -320°  F  with  a  decrease  in  the  resistance  to 
brittle  failure  at  -423°  F.  The  test  on  resistance  spot  welds  is  employed  in  Specifica¬ 
tion  MIL-W-6858A,  "Welding,  Aluminum,  Magnesium,  Non-Hardening  Steels  or 
Alloys,  and  Titanium  Spot,  Seam,  and  Stitch".  As  required  by  the  specification,  the 
tensile/shear  ratio  must  not  be  less  than  0.25  for  satisfactory  spot  weldability. 

Previous  data  (References  19  and  24)  have  indicated  that  when  this  test  is  employed  at 
cryogenic  temperatures,  the  results  may  correlate  with  fatigue  resistance  of  complex- 
welded  joints  (incorporating  resistance  spot  welds). 

The  results  of  the  notched/imnotched  tensile  ratios  and  tensile/shear  ratios  of  individual 
spot  welds  seem  to  indicate  that  this  particular  heat  of  301  stainless  steel  is  much  less 
resistant  to  brittle  failure  at  -320°  F  than  at  78°  or  -100° F,  and  that  the  material  is  as 
tough  at  -423°  F  as  it  is  at  -320°  F.  A  cursory  examination  of  the  notched  tensile  data 
and  the  tensile  behavior  (fracture  characteristics  of  the  parent  metal  tensile  tests), 
however,  reveals  the  following  information.  The  notched  (K^  =  3.2)  tensile  strengths 
continue  to  increase  from  78°  to  -423°  F  for  the  longitudinal  direction  and  continue  to 
increase  from  78°  to  -320° F  with  a  decrease  from  -320°  to  -423°  F  for  the  transverse 
direction.  The  notched  (Kj.  =  6.3)  tensile  strengths  increase  significantly  from  78°  to 
-320°  F  with  very  little  increase  from  -320°  to  -423°  F  for  both  rolling  directions.  The 
notched  (K^  =  19)  tensile  strengths  remain  about  the  same  for  both  directions  at  all 
testing  temperatures.  An  examination  of  the  fractured  unnotched  tensile  specimens 
and  the  tensile  data  show  that  at  -320°  F  the  material  serrated  (References  24  and  37) 
and  work  hardened  but  did  not  fracture  until  very  high  tensile  strengths  were  reached. 
Large  increases  in  the  tensile  strengths  and  elongations  at  -320°  F  are  to  be  noted. 

The  extraordinary  high  tensile  strengths  at  -320 °F  cause  the  notched/unnotched  tensile 
ratios  to  be  quite  small  (this  explains  the  decrease  in  the  notched/unnotched  tensile 
ratio  with  the  Kj  =  3.2  specimens  at  -320°  F).  Serrations  and  work  hardening  also 
occur  at  -423°  F;  however,  the  specimens  fracture  in  a  "premature"  failure  at  one  of 
the  serrations  before  high  loads  are  reached,  resulting  in  a  rather  small  increase  in 
tensile  strength  (F^^)  from  -320°  to  -423°  F.  Note  the  very  large  decrease  in  elonga¬ 
tion  from  -320°  to  -423°  F  and  the  large  increase  in  yield  strength  as  compared  to 
tensile  strength  from  -320°  to  -423°  F.  The  notched/unnotched  tensile  ratios  are 
therefore  significantly  decreased  at  -320°  F  and  not  at  -423°  F  as  a  result  of  this  alloy's 
tensile  behavior  at  cryogenic  temperatures. 
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Critical  fracture  toughness  (K^)  data  were  obtained  at  78°  and  -320° F  on  this  heat  of 
material.  Specimens  used  were  10  inches  long  by  4  inches  wide  and  centrally  cracked 
by  means  of  electrical  discharge  machining.  It  has  been  found  that  reliable  and  con¬ 
sistent  data  can  be  obtained  by  use  of  this  coupon  and  that  0.  001-inch  crack  tips  can 
be  machined  by  the  electrical  discharge  method  without  altering  the  microstructure  of 
the  material.  The  data  obtained  are  given  below: 


Test  Temperature  (°  F) 

Direction 

K 

c 

G 

c 

78 

Longitudinal 

204 

1642 

78 

Transverse 

206 

1432 

-320 

Longitudinal 

142 

747 

-320 

Transverse 

109 

385 

-423 

Longitudinal 

146 

718 

-423 

Transverse 

105 

355 

The  fatigue  data  show  a  high  degree  of  resistance  to 

failure  at  78°  F. 

An  average  of 

420  cycles  to  failure  were  obtained  for  the  longitudinal  joint  configuration  No.  1 
(typical  joint  as  used  in  the  Atlas  and  Centaur  vehicles)  at  a  stress  level  of  95  per¬ 
cent  of  the  material's  yield  strength.  Also,  the  large  number  of  cycles  required  to 
fail  the  specimen  after  detection  of  the  first  leak  indicates  a  high  degree  of  resistance 
to  crack  propagation.  Fatigue  data  on  longitudinal  joint  No.  2  (containing  two  rows 
instead  of  four  rows  of  spot  welds  on  each  side  of  the  fusion  weld  for  attachment  of  a 
doubler  sheet)  were  nearly  the  same  as  for  longitudinal  joint  No.  1  at  78°  F.  The 
number  of  cycles  to  failure  was  somewhat  less  for  the  transverse  joint  than  for  the 
longitudinal  joints  at  the  same  stress  level/yield  strength  ratio.  Also,  there  was  a 
fewer  number  of  cycles  from  the  first  leak  to  failure.  The  evaluation  tests  (notched 
data,  notched/unnotched  tensile  ratios,  fusion-weld  data  and  crack  propagation  tests) 
indicated  that  the  transverse  direction  was  less  tough  than  the  longitudinal  direction. 

At  -320°  F,  the  number  of  cycles  to  failure  at  the  highest  stress  level  (95  percent  of 
^ty  at  -320°  F)  was  much  less  than  for  the  same  test  conditions  at  78°  F.  However, 
at  the  stress  level  corresponding  to  85  percent  of  ^ty  the  number  of  cycles  to  failure 
was  about  the  same  and  at  the  75  percent  of  F^  stress  level  there  was  an  average 
of  1029  cycles  to  failure  at  -320°  F  as  compared  to  862  at  78°  F.  Longitudinal  joint 
No.  2  was  less  resistant  to  fatigue  failure  than  longitudinal  joint  No.  1  at  -320°  F. 
Also,  the  number  of  cycles  to  failure  for  the  transverse  joints  was  less  than  for  the 
longitudinal  joints  at  the  same  ratios  of  stress  levels  to  F^y.  Although  there  was  a 
fewer  number  of  cycles  to  failure  at  the  higher  stress  levels  at  -320°  F  than  at  78°  F, 
it  is  apparent  from  the  fatigue  data  that  this  material  is  still  quite  tough  and  resistant 
to  fatigue  failure  at  -320°  F.  Some  of  the  evaluation  tests  indicate  embrittlement  at 
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-320° F  (i.e.  tensile/shear  ratio  of  spot  welds,  notched/unnotched  tensile  ratios  for  all 
notched  configurations ,  and  cracTc  propagation  data).  However,  the  notched  tensile 
values  and  fusion- weld  tensile  properties  indicate  very  little,  if  any,  decrease  in 
toughness  at  -320°  F. 

The  fatigue  data  at  -423°  F  show  a  severe  decrease  in  resistance  to  brittle  failure  for 
both  the  longitudinal  and  transverse  joints.  In  fact,  the  impairment  of  toughness  was 
so  severe  that  stress  levels  of  40  to  65  percent  of  the  yield  strengths  (at  -423°  F)  were 
used  in  the  fatigue  tests.  The  lower  stress  levels  were  mandatory  due  to  the  low  joint 
efficiencies  (about  60  percent)  in  static  tension  tests.  The  transverse  joint  was  less 
resistant  to  fatigue  failure  than  the  longitudinal  joints.  All  of  the  evaluation  tests 
indicate  decreased  toughness  at  -423°  F;  however,  the  severe  embrittlement  as  shown 
by  the  fatigue  data  was  not  apparent  except  for  the  simple  fusion-weld  tensile  data.  In 
general,  it  was  not  felt  that  the  evaluation-type  tests  provided  an  adequate  quantitative 
description  of  the  toughness  of  this  particular  heat  of  301  stainless  steel;  however,  as 
screening  tests,  they  did  indicate  a  qualitative  decrease  in  toughness  at  cryogenic 
temperatures. 

This  particular  heat  (49061)  of  301  stainless  steel  was  rejected  for  use  in  cryogenic 
tankage  and  another  heat  (57644)  of  material  which  is  more  representative  of  60-percent 
cold-rolled  301  stainless  steel  was  evaluated.  The  tensile  and  fatigue  data  obtained  on 
heat  57644  are  given  in  Table  26.  It  may  be  seen  from  the  data  presented  that  this  heat 
of  301  retains  a  much  greater  resistance  to  brittle  failure  at  -423°F  than  did  heat 
49061. 

8. 2  304  ELC  STAINLESS  STEEL.  The  tensile  and  fatigue  properties  of  50-percent 

cold-rolled  304  ELC  stainless  steel  are  given  in  Tables  6,  14,  and  19  and  Figures  31 
through  65,  69,  70,  and  78  through  86.  Photographs  of  fractured  tensile  and  fatigue 
specimens  and  microstructures  are  shown  in  Figures  104,  109,  116,  and  120. 


Base  metal  yield  and  tensile  strengths  increased  about  50  percent  upon  reducing  the 
testing  temperature  from  78°  to  -423°  F  but  were  26  to  30  percent  at  -320°  F,  a  result 
which  had  been  noted  in  previous  tests  (References  19  and  24).  The  elongations  at  78°, 
-100°,  and  -423°  F  are  primarily  due  to  "necking”  whereas  at  -320°  F  the  elongations 
are  of  a  uniform  nature  over  the  entire  reduced  section  of  the  tensile  specimen.  Mag¬ 
netic  measurements  indicate  that  the  reduced  section  of  coupons  tested  at  -320°  F  con¬ 
tains  nearly  100-percent  martensite  whereas  reduced  sections  of  coupons  tested  at 
78°,  -100°,  and -423°  F  show  very  little  austenite  transformation.  Fusion-weld  joint 
efficiencies  are  quite  low  at  78°  F  but  continuously  increase  with  reduction  in  testing 
temperature  to  values  in  excess  of  90  percent  at  -423°  F.  All  fractures  occurred  in 
the  weld  or  heat-affected  zone.  Elongations  of  the  weld  joints  were  low  at  all  testing 
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temperatures  but  continuously  Increased  with  reduction  in  testing  temperature.  The 
weld  tensile  data  indicate  that  the  304  ELC  material  does  not  decrease  in  toughness  to 
-423°  F. 

In  general,  the  notched  (Kt  of  3.2,  6.3,  and  19)  tensile  data  and  notched/unnotched 
tensile  ratios  indicate  that  the  50-percent  cold-rolled  Type  304  ELC  stainless  steel 
is  quite  tough  from  78°  to  -423°  F.  For  the  notched  specimen  with  a  of  3.2,  the 
notched  tensile  strengths  and  notched/unnotched  tensile  ratios  continuously  increased 
from  78°  to  -423°  F.  For  the  notched  specimens  with  a  of  6.  3,  the  notched  tensile 
strengths  continuously  increased  from  78°  to  -423°  F  and  the  notched/unnotched  tensile 
ratios  were  considerably  above  unity  at  all  testing  temperatures.  With  a  of  19,  the 
notched  tensile  strengths  continuously  increased  from  78°  to  -423°  F  in  the  longitudinal 
direction  but  decreased  from  -320°  to  -423°  F  for  the  transverse  specimens.  Also, 
the  notched/unnotched  tensile  ratios  were  much  less  for  the  transverse  than  the  longi¬ 
tudinal  direction  at  78° ,  -100° ,  and  -423°  F.  Interpretation  of  the  notched  tensile  data 
obtained  from  specimens  with  a  of  3.2  and  6.  3  indicate  that  this  heat  of  304  ELC 
is  quite  tough  at  all  testing  temperatures.  The  notched  (K^  =  19)  data  indicate  a  high 
degree  of  resistance  to  brittle  failure  in  the  longitudinal  direction  from  78°  to  -423°  F, 
but  a  lesser  degree  of  toughness  in  the  transverse  direction  at  78°,  -100°,  and  -320°F 
with  an  indication  of  embrittlement  at  -423°F. 

Table  14  gives  the  cross-tensile  and  tensile-shear  properties  of  individual  resistance 
spot  welds  at  78°,  -100°,  -320°,  and  -423°F.  The  tension/shear  ratios  are  quite 
large  at  all  testing  temperatures  as  compared  to  the  0.25  which  is  specified  as  a 
minimum  in  MIL-W-6868A.  The  spot-weld  data  indicate  that  the  50-percent  cold-rolled 
304  ELC  material  has  a  high  degree  of  resistance  to  brittle  fracture  from  78°  to  -423°  F. 

Table  19  presents  the  fatigue  data  on  complex-welded  joints  of  the  304  ELC  stainless 
steel.  As  would  be  expected  from  the  results  of  notched  tensile  tests,  notched/unnotched 
tensile  ratios,  fusion-weld  joint  efficiencies  and  tension/shear  ratios  of  resistance  spot 
welds,  the  number  of  cycles  to  failure  upon  repeated  loadings  are  quite  high  at  all  test¬ 
ing  temperatures.  As  may  be  seen  in  the  table,  the  stress  levels  for  both  longitudinal 
(parallel  to  the  direction  of  rolling)  and  transverse  directions  were  about  85  percent 
of  t3q3ical  base  metal  yield  strength  at  each  corresponding  temperature.  Static  joint 
strengths  continuously  increased  from  78°  to  -423°  F  with  resulting  joint  efficiencies 
of  nearly  100  percent  at  all  testing  temperatures.  The  number  of  cycles  to  failure  for 
the  transverse  direction  is  greater  than  for  the  longitudinal  direction.  Although  the 
transverse  joint  is  different  than  the  longitudinal  joint,  it  is  believed  that  the  fatigue 
data  show  that  the  304  ELC  material  is  quite  tough  to  -423°  F  in  both  the  longitudinal 
and  transverse  direction. 
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It  would  appear  from  the  data  obtained  in  this  investigation  that  all  of  the  evaluation 
tests  [notched  (Kj.  =  3.2  and  6.3)  tensile  tests,  fusion- weld  tensile  tests,  and  spot 
weld  tests]  ,  with  exception  of  the  notched  (K^  =  19)  data  for  the  transverse  direction, 
properly  evaluated  the  50-percent  cold-rolled  Type  304  ELC  stainless  steel. 

8,3  310  STAINLESS  STEEL.  Mechanical  property  data  on  75-percent  cold-rolled 

Type  310  stainless  steel  are  given  in  Table  7.  Yield  and  tensile  strengths  for  both 
the  longitudinal  and  transverse  directions  increased  more  than  60  percent  from  78  to 
-423°  F,  Base  metal  elongations  were  greater  at  all  cryogenic  temperatures  than  at 
room  temperature.  Fusion- weld  joint  efficiencies  increased  from  about  45  percent  at 
78°F  to  about  70  percent  at  -423°  F,  while  elongations  remained  about  the  same  (two 
percent).  Results  of  the  notched  tensile  testing  and  notched /unnotched  tensile  ratios 
indicate  no  degree  of  embrittlement  at  temperatures  down  to  -423°  F  for  notched  speci¬ 
mens  with  Kj.  of  3. 2  and  6.3.  The  notched  tensile  strengths  continued  to  increase  from 
78°  to  -423°  F  and  the  notched/unnotched  tensile  ratios  were  well  above  unity  at  all 
testing  temperatures  for  those  specimens  with  a  of  3. 2  and  6.3.  For  the  specimens 
with  a  K^.  of  19,  the  notched  tensile  strengths  decreased  from  -320°  to  -423°  F  in  the 
longitudinal  direction  with  a  resultant  decrease  in  the  notched/unnotched  tensile  ratio 
at  -423°  F.  Also,  the  notched  (K^  =  19)  data  indicate  that  the  transverse  direction  is 
much  less  resistant  to  brittle  fracture  than  the  longitudinal  direction  at  ail  testing 
temperatures. 

Cross-tension  and  tensile-shear  strengths  of  individual  resistance  spot  welds  are  given 
in  Table  15.  As  was  the  case  for  304  ELC  stainless  steel,  the  310  material  exhibits 
high  tension/shear  ratios  at  ail  testing  temperatures. 

The  static  tensile  and  fatigue  properties  of  complex-welded  joints  are  presented  in 
Table  20.  As  may  be  seen,  the  static  tensile  strength  continues  to  increase  from  78° 
to  -423°  F  for  both  the  longitudinal  and  transverse  joints.  The  fatigue  specimens  were 
repeatedly  loaded  from  zero  to  a  stress  level  of  75,  85,  and  95  percent  of  typical  base 
metal  yield  strengths  at  each  corresponding  temperature.  The  number  of  cycles  to 
failure  indicate  that  Type  310  stainless  steel  is  resistant  to  fatigue  failure  at  all  test¬ 
ing  temperatures.  Longitudinal  joint  No.  2  (doubler  attached  by  two  rows  of  spot 
welds  on  each  side  of  the  fusion  weld)  was  somewhat  less  resistant  to  fatigue  failure 
than  longitudinal  joint  No.  1  (doubler  attached  by  four  rows  of  spot  welds  on  each  side 
of  the  fusion  weld)  at  each  testing  temperature.  Also  the  transverse  joints,  both  No. 

1  (overlap  roll  seam  weld  with  one  row  of  spot  welds  on  each  side)  and  No.  2  (same 
as  longitudinal  joint  No.  1  except  for  material  direction)  joints  failed  at  a  lower  number 
of  cycles  than  the  longitudinal  joints.  The  fatigue  tests  were  run  on  transverse  joint 
No.  2  to  determine  if  the  material  was  much  less  tough  for  the  transverse  than  for  the 
longitudinal  direction.  Although  there  were  a  fewer  number  of  cycles  to  failure  for  the 
transverse  direction,  it  is  believed  that  the  fatigue  test  data  show  that  the  310  material 
retains  a  high  degree  of  resistance  to  brittle  failure  for  both  directions  to  -423°  F. 
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In  general,  it  is  felt  that  all  of  the  evaluation  tests,  with  the  possible  exception  of  the 
notched  (Kj.  =  19)  tensile  tests,  properly  evaluated  this  particular  heat  of  310  stainless 
steel . 

8.4  AM-355  STAINLESS  STEEL.  The  tensile  properties  of  AM-355  stainless  steel, 
cold-rolled  and  tempered,  are  given  in  Table  8.  There  is  a  rather  small  increase  in 
tensile  and  yield  strengths  from  78°  to  -100°  F  and  then  a  decrease  at  -320®  and  -423°  F. 
Tensile  properties  of  fusion  welds  indicate  poor  toughness  at  -320°  and  -423°  F  by  the 
decrease  in  joint  efficiencies  and  elongations.  Notched  (Kj.  =  6.  3)  tensile  data  indicated 
a  definite  decrease  in  toughness  at  -320°  and  -423°  F. 

The  tension/shear  ratios  of  resistance  spot  welds  indicate  a  lack  of  toughness  at  -100° , 
-320° ,  and  -423°  F. 

The  fatigue  data  are  given  in  Table  21.  The  static  tensile  and  fatigue  data  show  that 
this  alloy  is  relatively  brittle  even  at  78°  F.  Note  that  the  static  tensile  failure  of  the 
transverse  Joint  was  10,  000  psi  below  the  base  metal  yield  strength  and  that  the  number 
of  cycles  to  failure  for  both  the  longitudinal  and  transverse  joints  was  quite  small  at 
stress  levels  of  85  percent  of  t5T)ical  yield.  The  static  tensile  strengths  decreased  at 
-320°  and  -423°F  with  resultant  joint  efficiencies  as  low  as  19  percent.  Therefore 
the  fatigue  tests  had  to  be  rxm  at  stress  levels  of  85  percent  of  the  static  joint  strengths 
(or  from  17  to  38  percent  of  the  base  metal  yield  strengths)  and,  even  at  these  low 
stress  levels,  only  a  small  number  of  cycles  were  obtained  prior  to  failure. 

This  alloy  was  included  in  the  investigation  to  show  the  correlation  of  evaluation  tests 
with  the  axial  fatigue  (simulated  service)  data.  It  was  expected  that  the  AM-355  would 
be  quite  brittle  at  cryogenic  temperatures  due  to  its  high  carbon  and  martensite  contents. 

The  notched  tensile  strengths,  notched/unnotched  tensile  ratios,  tensile  properties  of 
the  fusion  welds,  and  tension/shear  ratios  of  individual  resistance  spot  welds  indicated 
severe  embrittlement  of  this  heat  of  material  at  cryogenic  temperatures.  The  low- 
temperature  embrittlement  was  evidenced  by  the  static  tensile  and  fatigue  data  of 
complex-welded  joints. 

8.5  2014-T6  ALUMINUM  ALLOY.  The  mechanical  properties  of  2014-T6  aluminum 
alloy  are  given  in  Table  9.  Yield  and  tensile  strengths,  elongations,  proportional 
limits,  and  elastic  moduli  of  the  base  metal  continuously  increase  with  decrease  in 
testing  temperatures.  Hardness  values  obtained  on  the  reduced  sections  and  fractured 
edges  remain  nearly  constant  over  the  range  of  testing  temperatures.  Tensile  strengths 
of  fusion  welds  (with  2319  aluminum  filler)  increased  from  78°  to  -423°  F  with  resulting 
joint  efficiencies  of  70  to  80  percent.  Elongations  (over  a  two-inch  gage  length)  of  the 
welds  were  small  at  all  testing  temperatures  and  decreased  from  78°  to  -423°  F. 

T5T)ical  fractures  of  base  metal  and  welded  tensile  specimens  are  shown  in  Figure  106. 
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All  fractures  of  the  welded  tensile  specimens  occurred  at  the  edge  of  the  weld  in  the 
heat-affected  zone.  The  cored  structure  of  the  weld  (tested  in  the  "as-welded"  con¬ 
dition)  may  be  seen  in  the  photomicrographs  of  fractured  edges  shown  in  Figure  112, 

Tensile  strengths  obtained  from  the  notched  tensile  specimens  having  a  of  3.2  and 
6,3  continuously  increased  with  reduction  in  testing  temperature;  however,  the  notched/ 
unnotched  tensile  ratios  decreased  slightly.  Notched  (K^  =  19)  tensile  strengths 
decreased  from  78°  to  -320°  F  and  then  increased  at  -423°  F  for  the  longitudinal 
direction,  and  decreased  from  78°  to  -100°  F  and  then  increased  at  -320°  and  -423  F 
for  the  transverse  direction.  The  notched  (K^  =  19)/unnotched  tensile  ratios  decreased 
from  78°  to  -423°  F,  The  notched  tensile  and  weld  tensile  tests  indicate  that  there  may 
be  a  slight  decrease  in  toughness  of  the  2014-T6  material  from  78°  to  -423°  F;  however, 
the  decrease  would  be  expected  to  be  quite  small. 

The  fatigue  properties  of  welded  joints  at  78°,  -320°,  and  -423°  F  are  given  in  Table  22. 
Typical  fractures  of  the  fatigue  specimens  are  shown  in  Figures  124  and  125. 
Longitudinal  and  transverse  joints  No,  1  are  simple  fusion-welded  joints  made  with 
2319  aluminum  filler  metal.  Weld  schedules  are  given  in  Table  2.  Originally  it  was 
intended  to  machine  or  chemically  mill  the  alximinum  fatigue  specimens  on  each  side 
of  the  weld  (such  as  is  shown  in  Figure  12)  to  provide  a  thicker  weld  area  and  thus  100- 
percent  joint  efficiency;  however,  a  few  such  specimens  were  tested  with  no  resulting 
failures  in  the  weld  area.  Therefore,  the  aluminum  fatigue  specimens  were  tested 
without  milling  in  order  to  obtain  failure  at  the  weld  and  thus  provide  data  on  the  weld 
joint.  In  the  design  and  fabrication  of  missiles  and  space  vehicles,  a  thickened  weld 
area  would  probably  be  used  to  provide  100-percent  joint  efficiency.  In  this  case,  the 
stress  on  the  base  metal  would  be  higher  than  that  given  in  Table  22  (stress  range  in 
ksi);  however  the  stress  in  the  weld  area  would  be  nearly  the  same  as  that  given  in 
Table  22.  Longitudinal  joint  No.  2  refers  to  a  joint  in  which  a  0.063-inch  doubler 
sheet  (or  backing  sheet)  was  fusion  welded  to  the  0.063-inch  skins  of  the  specimens 
(References  20  and  21),  A  single  fusion  weld  was  used  to  join  the  skins  as  well  as 
attach  the  doubler  (no  spot  welds).  This  joint  was  included  in  the  study  because  of  its 
proposed  use  as  a  method  of  increasing  the  joint  efficiency. 

The  static  tensile  strengths  of  the  fatigue  specimens  increased  with  decrease  in  testing 
temperatures;  however,  they  were  smaller  than  the  simple  fusion-weld  tensile  strengths 
with  resulting  lower  joint  efficiencies  (60  to  70  percent  as  compared  to  70  to  80  percent 
for  the  weld  tensile  strengths).  The  fatigue  tests  were  made  at  stress  levels  of  about 
75,  85,  and  95  percent  of  the  static  joint  strengths.  These  values  correspond  to  about 
60  to  70  percent  of  the  base  metal  yield  strengths  at  each  corresponding  test  tempera¬ 
ture,  The  number  of  cycles  to  failure  was  quite  large  for  the  No.  1  joints  at  78 °F. 

In  fact,  nearly  all  of  the  specimens  either  did  not  fail  after  2000  or  more  cycles  or 
failed  in  the  end  plate.  Failures  in  the  end  plate  were  a  result  of  the  nature  of  the 
test  equipment  which  was  actually  designed  to  test  thinner  gage  materials  having  end 


28 


ASD-TDR-62-258 


doublers  for  extra  strength  and  bearing  surface.  All  of  the  test  runs  are  reported  In 
Table  22  and  it  is  believed  that  the  fatigue  data  show  a  large  resistance  to  fatigue 
failure  for  the  No,  1  joints  at  78°  F.  The  data  obtained  on  the  longitudinal  No,  2  joints 
show  poor  joint  efficiency  and  poor  resistance  to  fatigue  failure  at  78°  F  as  well  as  at 
-320°  and  -423°  F,  Fatigue  data  on  the  simple  fusion-welded  joints  (No,  1  joints)  at 
-320°  F  show  a  high  degree  of  resistance  to  fatigue  failure  at  the  lower  (41,2  and  46,7 
ksl)  stress  levels,  but  not  at  the  higher  stress  level  (52,2  ksi).  Examination  of  those 
specimens  which  fractured  at  a  very  low  nimiber  of  cycles  (specimens  28L,  26T,  29T, 
and  30T)  showed  a  fairly  large  amount  of  porosity  and  lack  of  fusion  in  the  welds  which 
may  have  been  responsible  for  the  poor  resistance  to  fatigue  loading.  It  is  believed, 
however,  that  the  data  signify  some  degree  of  embrittlement  in  the  weld  joint.  Fatigue 
data  at  -423°  F  similarly  show  some  degree  of  embrittlement  in  the  weld  joint. 

The  notched  tensile  tests  and  notched/imnotched  tensile  ratios  indicated  a  slight 
decrease  in  toughness  from  78°  to  -423°  F  and  the  weld  tensile  tests  showed  very  little 
ductility,  as  determined  by  elongation.  In  the  welds.  As  was  indicated  by  the  evalua¬ 
tion  tests,  a  partial  embrittlement  of  the  fusion  welds  was  evidenced  from  the  fatigue 
tests  at  -320°  and  -423 °F.  The  apparent  embrittlement  of  the  2014-T6  fusion  welds 
seems  to  be  a  characteristic  of  the  material.  This  problem  is  solved  in  the  design 
and  fabrication  of  cryogenic  pressure  vessels  by  providing  a  thicker  section  at  the 
weld  and  thus  reducing  the  operating  stress  in  the  weld  area.  As  may  be  seen  from 
the  data  in  Table  22,  the  2014-T6  welds  had  a  high  degree  of  resistance  to  fatigue 
failure  at  the  lower  stress  levels. 

Although  the  notched  tensile  tests  had  previously  been  used  to  evaluate  the  fatigue 
resistance  of  complex  joints  containing  spot  welds,  it  is  believed  that  in  general,  the 
evaluation  tests  used  (notched  and  weld  tensile)  in  this  Investigation  performed  satis¬ 
factorily  in  properly  evaluating  the  toughness  or  fatigue  resistance  of  2014-T6  fusion 
welds  at  cryogenic  temperatures. 

8.6  5052-H38  ALUMINUM  ALLOY.  The  mechanical  properties  of  5052-H38  aluminum 

alloy  at  78°,  -100°  ,  -320°,  and  -423° F  are  given  in  Table  10.  The  yield  and  tensile 
strengths,  elongations,  proportional  limits,  and  elastic  moduli  of  the  parent  metal 
continuously  increased  with  reduction  in  testing  temperature.  There  was  a  small 
increase  in  the  hardness  of  the  reduced  sections  and  fractured  edges  with  decreasing 
temperature  indicating  that  some  work  hardening  was  probably  occurring  at  cryogenic 
temperatures. 

The  notched  (K^  =  6.  3)  tensile  strengths  continuously  increased  from  78°  to  -423°  F, 
but  the  notched/imnotched  tensile  ratios  decreased  slightly.  The  tensile  strengths, 
elongations,  and  joint  efficiencies  of  the  fusion-welded  tensile  specimens  continuously 
increased  with  reduction  in  temperature.  The  evaluation  tests  indicate  that  5052-H38 
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should  remain  quite  tough  to  -423°  F  and  that  the  fatigue  resistance  of  weld  joints 
should  be  quite  high  at  cryogenic  temperatures. 

The  results  of  static  tensile  and  axial  fatigue  testing  of  fusion-welded  (with  5356 
aluminum  filler)  joints  of  5052-H38  are  given  in  Table  23.  The  static  tensile  strengths 
continuously  increased  from  78°  to  -423°  F  resulting  in  joint  efficiencies  of  70  to  80 
percent.  Axial  fatigue  tests  were  made  at  stress  levels  of  85  percent  of  the  static 
joint  strengths.  The  stress  level  for  the  fatigue  tests  at  78°  F  corresponded  to  about 
75  percent  of  the  base  metal  yield  strength  at  the  same  temperature.  At  -320°  and 
-423°  F  the  stress  levels  were  95  to  105  percent  of  the  base  metal  yield  strengths  at 
the  corresponding  temperatures.  Even  at  these  high  stress  levels,  nearly  all  of  the 
specimens  were  subjected  to  2000  cycles  or  more  without  failure.  The  fatigue  data 
show  that  5052-H38  is  very  tough  to  -423  °F,  as  would  be  expected  from  the  notch 
tensile  and  weld  tensile  evaluation  tests. 

8.7  5456-H343  ALUMINUM  ALLOY.  Table  11  presents  the  mechanical  properties 

of  5456-H343  aluminum  alloy  at  78° ,  -100°,  -320°  ,  and  -423°  F.  Yield  and  tensile 
strengths  of  the  base  metal  continuously  increased  from  78°  to  -423°  F.  Elongations 
of  the  base  metal  increased  from  78°  to  -320°  F  and  then  decreased  from  -320°  to 
-423°  F.  Proportional  limits  and  elastic  moduli  increased  very  little  from  78°  to 
-320°  F  but  increased  significantly  from  -320°  to  -423°  F.  Hardness  values  taken  at 
the  reduced  sections  and  near  the  fractured  edge  remained  about  the  same  for  speci¬ 
mens  tested  over  the  temperature  range  from  78°  to  -423°  F.  Notched  (K^  =  6.  3) 
tensile  strengths  increased  from  78°  to  -423°  F;  however,  the  notched/unnotched 
tensile  ratios  decreased  from  -100°  to  -320°  F  and  were  considerably  less  than  unity 
at  both -320°  and -423°  F.  Tensile  strengths,  elongations,  and  joint  efficiencies  of 
fusion  welds  (with  5356  aluminum  filler  metal)  increased  from  78°  to  -320°  F  but 
decreased  from  -320°  to  -423°  F.  The  evaluation  tests  indicate  a  possible  decrease 
in  toughness  at  -320°  F  and  a  definite  decrease  in  toughness  at  -423°  F. 

The  results  of  static  tensile  and  axial  fatigue  tests  of  large  (4-inch  by  20-inch  test 
section)  fusion- welded  specimens  are  presented  in  Table  24  and  Figures  92  and  93. 

The  No.  2  joint  had  the  same  configuration  as  the  No.  2  joint  for  2014-T6,  and,  as 
was  typical  for  this  joint  in  2014-T6,  proved  to  be  quite  poor  in  fatigue  resistance 
both  at  room  and  cryogenic  temperatures  for  the  5456-H343  material.  The  poor 
fatigue  resistance  of  this  welded  joint  is  believed  to  be  due  to  the  joint  configuration 
and  not  the  material. 

The  static  strengths  of  the  No.  1  joints  increased  from  78°  to  -320°  F  and  then  de¬ 
creased  at  -423°  F.  The  joint  efficiencies  were  82  percent  at  78°  F,  84  percent  at 
-320°  F,  but  only  63  to  69  percent  at  -423°  F.  The  axial  fatigue  tests  were  cycled 
from  zero  stress  to  a  stress  of  85  percent  of  the  base  metal  yield  strength  at  78°  F 
(about  90  percent  of  static  joint  strength)  with  no  failure  occurring  after  being  subjected 
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to  2000  cycles  (other  than  for  two  end  plate  failures).  At  -320°  F,  the  stress  level  was 
85  percent  of  the  static  tensile  strength  or  93  to  104  percent  of  the  base  metal  yield 
strengths  at  -320°  F.  There  were  several  fatigue  failures  in  the  weld  at  -320°  F;  how¬ 
ever,  the  number  of  cycles  to  failure  was  quite  large  with  respect  to  the  high  stress 
level.  The  stress  level  was  reduced  from  53.  7  ksi  at  -320 °F  to  47.  9  ksi  at  -423°  F 
due  to  the  decrease  in  static  tensile  strength.  The  47.9  ksi  stress  level  is  85  percent 
of  the  static  tensile  strength  and  75  to  85  percent  of  the  base  metal  3deld  strength  at 
-423°  F.  Except  for  one  specimen  (15L),  the  5456-H343  fatigue  specimens  did  not  fail 
after  being  repeatedly  cycled  from  0  to  47.9  ksi  for  2000  cycles  at  -423°F. 

Although  there  was  a  decrease  in  the  static  tensile  strengths  and  therefore  a  decrease 
in  the  stress  levels  for  the  fatigue  tests  at  -423°  F,  the  fatigue  data  show  the  5456-H343 
fusion-welded  joints  are  actually  quite  tough  and  resistant  to  fatigue  failure  at  cryogenic 
temperatures.  Further  studies,  such  as  crack  propagation  testing,  have  been  recom¬ 
mended  on  this  alloy  to  determine  if  the  notched  and  weld  tensile  tests  have  improperly 
evaluated  the  material  or  if  the  alloy  is  actually  more  brittle  at  -423°  F  than  the  fatigue 
data  indicate. 

8.  8  5A1-2.  5Sn  TITANIUM  ALLOY.  The  mechanical  projjerties  of  one  heat  of  annealed 
Ti-5Al-2.  5Sn  alloy  which  was  tested  at  78°,  -100°,  -320°,  and  -423°F  are  given  in 
Table  12.  The  yield  and  tensile  strengths  of  the  base  metal  increase  about  100  per¬ 
cent  from  78°  to  -423°F.  Elongations  decreased  with  reduction  in  testing  temperature. 
Proportional  limits  and  elastic  moduli  continuously  increased  from  78°  to  -423°  F. 
Hardness  of  the  reduced  sections  and  fractured  edges  remained  uniform  over  the  range 
of  testing  temperatures.  Typical  fractures  and  photomicrographs  of  typical  fractures 
of  tensile  specimens  are  shown  in  Figures  107  and  115. 

Notched  (K^  =  3.2)  tensile  strengths  continuously  increased  from  78°  to  -423°  F.  Al¬ 
though  there  was  a  decrease  in  the  notched  (K^  =  3. 2)/unnotched  tensile  ratios  over  the 
same  temperature  range  the  values  were  well  above  unity  even  at  -423°  F.  From  the 
mild  notched  (K^  =  3.2)  tensile  data  it  would  seem  that  this  heat  of  Ti-5Al-2. 5Sn  alloy 
was  quite  tough  from  78°  to  -423°  F.  However,  the  notched  tensile  data  obtained  from 
those  specimens  with  a  of  6.3  indicate  embrittlement  at  -423°  F,  and  the  notched 
tensile  data  obtained  from  the  specimens  with  a  Kj.  of  19  indicate  embrittlement  at 
-320°  and  -423°  F.  The  notched  (K^  =  6.3)  tensile  strengths  continuously  increase 
from  78°  to  -320°  F  and  then  decrease  from  -320°  to  -423°  F.  The  notched  (K^  =  6.  3)/ 
unnotched  tensile  ratios  are  well  above  unity  at  78° ,  -100° ,  and  -320°  F  but  are  signifi¬ 
cantly  decreased  at  -423°  F.  Notched  (K^  =  19)  tensile  strengths  increased  from  78° 
to  -100°  F  but  decreased  from  -100°  to  -320°  F  and  from  -320°  to  -423°  F.  The  notched 
(Kj.  =  19)/unnotched  tensile  ratios  were  considerably  less  than  imity  at  -320°  and  -423°  F. 

Tensile  strengths  of  fusion-welded  (no  filler  metal)  tensile  specimens  increased  from  I 
78°  to  -423°  F  with  resulting  joint  efficiencies  of  98  to  100  percent  at  all  testing  i 
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temperatures.  Elongations  of  the  welded  tensile  specimens,  however,  decreased 
slightly  from  78“  to  -320°  F  and  then  decreased  sharply  from  -320®  to  -423°  F.  The 
results  of  the  weld  tensile  data  indicate  nearly  100  percent  joint  efficiency  from  78° 
to  -423°  F  but  with  some  degree  of  embrittlement  of  the  weld  at  -423°  F  as  witnessed 
by  the  decrease  in  ductility  at  this  temperature  and  the  fact  that  fractures  occurred 
in  the  weld  area  at  -423°  F  (see  Figure  107),  but  in  the  base  metal  at  78°,  -100° ,  and 
-320°  F. 

The  results  of  cross-tension  and  tensile-shear  tests  of  individual  resistance  spot 
welds  are  given  in  Table  17.  It  may  be  seen  that  the  shear  values  are  large  at  all 
testing  temperatures  but  that  the  cross-tension  values  are  quite  small  even  at  78°  F 
and  decrease  at  cryogenic  temperatures.  Therefore,  the  tension/shear  ratios  are 
small  at  all  testing  temperatures.  The  tension/shear  ratio  is  0.26  at  78°  F  (a  minimum 
of  0.25  is  specified  as  acceptable  in  MIL-W-6858A)  and  0. 16  to  0. 19  at  cryogenic 
temperatures.  Based  on  the  results  of  these  tests,  it  would  be  expected  that  complex 
joints,  containing  resistance  spot  welds,  of  this  alloy  would  have  marginal  fatigue 
resistance  at  78° F  and  rather  poor  fatigue  resistance  at  cryogenic  temperatures. 

The  results  of  static  tensile  and  axial  fatigue  tests  on  complex-welded  joints  of  Ti- 
5Al-2.5Sn  alloy  are  given  in  Table  25.  Static  tensile  strengths  of  longitudinal  joint 
No.  1  (doubler  attached  by  four  rows  of  spot  welds  on  each  side  of  the  fusion  weld)  are 
120  Ms,  or  97-percent  joint  efficiency,  at  78°F;  188  ksi,  or  95-percent  joint  efficiency, 
at  -320°  F;  and  167  ksi,  or  67-percent  joint  efficiency  at  -423°  F.  Static  tensile  strengths 
of  transverse  joint  No.  1  (overlap  of  skins  with  roll-seam  weld  and  one  row  of  resist¬ 
ance  spot  welds  on  each  side  of  the  seam  weld)  are  112  ksi,  or  91-percent  joint 
efficiency,  at  78°  F;  158  ksi,  or  80-percent  joint  efficiency,  at  -320°  F;  and  159  ksi, 
or  64-percent  joint  efficiency  at  -423° F.  The  results  of  the  static  tensile  tests  on 
complex-welded  joints  show  a  slight  decrease  in  joint  efficiency  from  78°  to  -320°  F 
and  a  large  decrease  in  joint  efficiency  from  -320°  to  -423° F.  Also,  the  joint 
efficiencies  for  transverse  joint  No.  1  are  less  than  for  longitudinal  joint  No.  1  at  all 
testing  temperatures.  The  decrease  in  static  tensile  strengths  and  joint  efficiencies 
of  the  complex-welded  joints  from  -320°  to  -423°  F  is  felt  to  be  due  to  the  embrittle¬ 
ment  of  this  heat  of  Ti-5Al-2. 5Sn  at  -423°  F  and  to  the  poor  tensile  properties  of 
resistance  spot  welds.  An  explanation  for  the  lower  joint  efficiencies  of  the  transverse 
joints  than  for  the  longitudinal  joints  is  believed  to  be  due  to  difference  in  the  design 
of  the  joints.  The  transverse  joints  contain  only  resistance  welds  (spot  and  roll-seam) 
which  were  found  to  have  marginal  properties  at  78°  F  and  inferior  properties  at 
cryogenic  temperatures,  whereas  the  longitudinal  joints  contain  fusion  welds  as  well 
as  resistance  spot  welds. 

The  longitudinal  and  transverse  joints  No.  1  were  repeatedly  loaded  from  0  to  87  ksi, 

0  to  99  ksi  and  0  to  110  ksi  at  78  °F.  These  stress  levels  represent  75,  85,  and  95 
percent  of  typical  base  metal  yield  strength  at  78  °F.  Also,  longitudinal  joint  No.  2 
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(doubler  attached  by  two  rows  of  spot  welds  on  each  side  of  the  fusion  weld)  was  fatigue 
tested  at  78“  F  at  a  stress  level  Of  85  percent  of  the  base  metal  yield  strength,  and 
longitudinal  joint  No.  3  (simple  butt  fusion  weld  with  no  filler  metal,  no  post  weld 
treatment  and  no  doublers  attached)  was  fatigue  tested  at  stress  levels  of  85  and  95 
percent  of  the  base  metal  yield  strength.  Results  of  these  fatigue  tests  show  that  each 
of  the  joints  has  a  high  resistance  to  fatigue  failure  at  78“  F.  Based  on  the  few  tests 
that  were  made  on  the  butt  fusion-welded  joint  (longitudinal  No.  3),  it  seems  that  this 
joint  is  superior  in  fatigue  resistance  to  the  other  joints.  This  is  in  accordance  with 
what  would  be  expected  from  the  results  of  the  cross-tension  and  tensile-shear  tests 
of  individual  resistance  spot  welds. 

At  -320“  F  the  fatigue  tests  were  made  at  stress  levels  of  0  to  140  ksi,  0  to  159  ksi, 
and  0  to  178  ksi  which  correspond  to  75,  85,  and  95  percent  of  the  base  metal  yield 
strength  at  -320“  F.  The  results  of  the  fatigue  tests  at  -320“  F  show  that  those  speci¬ 
mens  which  contained  resistance  spot  welds  (longitudinal  joints  No.  1  and  No.  2  and 
transverse  joint  No.  1)  were  much  less  resistant  to  fatigue  failure  at  -320“  F  than  at 
78“  F  (at  stress  levels  of  75,  85,  and  95  percent  of  base  metal  yield  strengths  at  each 
corresponding  temperature).  However,  the  number  of  cycles  to  failure  for  the  butt 
fusion-welded  fatigue  specimens  (longitudinal  joint  No.  3)  were  about  the  same  as  for 
the  78“F  tests.  Therefore,  it  is  believed  that  this  heat  of  Ti-5Al-2.  5Sn  was  not 
embrittled  at  -320“F,  as  evidenced  by  the  fatigue  data  on  the  butt  fusion-welded  joints. 
The  poor  fatigue  resistance  of  the  other  joints  at  -320“F  is  believed  to  be  due  to  the 
presence  of  the  resistance  spot  welds  which  were  found  to  have  inferior  mechanical 
properties  at  -320“F. 

At  -423“  F,  the  fatigue  specimens  containing  resistance  spot  welds  were  repeatedly 
loaded  from  0  to  129  ksi,  0  to  146  ksi,  and  0  to  163  ksi  which  correspond  to  75,  85, 
and  95  percent  of  the  static  strength  of  the  complex  joints  or  55,  62,  and  70  percent 
of  the  base  metal  yield  strengths  at  -423°  F.  The  stress  levels  were  reduced  from 
the  normal  75  to  95  percent  of  F^  for  the  fatigue  tests  at  -423  “F  due  to  the  decreased 
joint  efficiency  of  the  complex  jomts  at  this  temperature.  Even  with  the  reduced 
stress  levels,  however,  the  number  of  cycles  to  failure  were  very  small.  The  stress 
levels  for  those  fatigue  tests  made  on  the  simple  fusion-welded  joints  were  0  to  184  ksi 
and  0  to  208  ksi  or  80  and  90  percent  of  the  base  metal  yield  strength  at  -423° F.  The 
number  of  cycles  to  failure  was  considerably  less  than  those  obtained  at  78“  or 
-320“  F.  Also,  there  was  a  larger  amount  of  scatter  in  the  fatigue  data  at  -423 “F. 

One  fatigue  specimen  (85L)  failed  (after  35  cycles)  in  the  base  metal  at  the  location 
of  a  small  scratch.  It  is  believed  that  the  fatigue  data  indicate  that  this  heat  of  Ti- 
5Al-2,5Sn  is  quite  brittle  at  -423“ F  as  evidenced  by  the  decrease  in  complex-joint 
efficiencies  and  a  lower  number  of  cycles  to  failure  for  both  the  complex  joints  and 
simple  fusion- welded  joint. 
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The  notched  (K^  =  3.2)  tensile  tests  indicated  a  high  degree  of  toughness  to  -423*  F 
which  was  disproved  by  the  fatigue  data.  The  notched  (K^  =  6.  3)  tensile  tests  indicated 
a  high  degree  of  toughness  to  -320“  F  but  embrittlement  at  -423“ F,  which  is  in  accord¬ 
ance  with  the  fatigue  test  data.  The  notched  (K^.  =  19)  tensile  tests  indicated  embrittle¬ 
ment  at  -320“  and  -423“  F;  however,  it  is  believed  that  the  fatigue  data  show  embrittle¬ 
ment  only  at  -423“  F.  The  fusion- welded  tensile  tests  indicated  a  decrease  in  toughness 
at  -423“ F  but  not  at  -320“ F.  From  the  results  of  the  tests  on  individual  resistance 
spot  welds,  a  poor  performance  of  those  joints  containing  spot  welds  would  be  expected 
at  cryogenic  temperatures.  It  is  believed  that  the  notched  (K^  =  6.3)  tensile  tests  more 
accurately  evaluated  the  alloy  than  did  the  other  evaluation  tests . 

Several  heats  of  the  Ti-5Al-2, 5Sn  alloy  have  been  evaluated  at  cryogenic  temperatures 
and  it  has  been  shown  that  large  amounts  of  interstitial  alloying  elements ,  particularly 
oxygen,  cause  this  alloy  to  be  brittle  at  liquid-hydrogen  temperatures  (References  26, 
27,  and  38).  Therefore  a  special  specification,  GD/A-0-71010,  which  limits  the 
amount  of  interstitial  elements  and  iron,  was  prepared.  The  mechanical  properties 
at  78°,  -320°  ,  and  -423°  F  of  material  purchased  to  this  specification  (heat  3930131) 
were  determined  and  are  reported  in  Table  27.  The  base  metal  yield  and  tensile 
strengths  increase  nearly  100  percent  from  78“  to  -423“F.  Elongations  are  high  at 
all  testing  temperatures.  Notched  (F^  =  6.3)  tensile  strengths  continuously  increase 
from  78“  to  -423“F  and  the  resulting  notched/unnotched  tensile  ratios  are  well  above 
unity  at  all  testing  temperatures.  Simple  fusion-weld  tensile  strengths  continuously 
increase  from  78“  to  -423“F  with  resulting  joint  efficiencies  of  90  to  97  percent. 
Elongations  of  welded  specimens  were  low  (1.0  to  2.  0  percent)  at  all  testing  tempera¬ 
tures.  The  reason  for  the  low  elongations  and  lower  joint  efficiencies  is  due  to  the 
presence  of  a  small  amount  of  cold  work  in  the  material.  All  fractures  of  the  weld 
tensile  tests  occurred  in  the  weld.  Although  this  heat  of  Ti-5Al-2.5Sn  is  believed  to 
be  quite  tough  to  -423“  F  the  tension/shear  ratios  of  individual  resistance  spot  welds 
indicate  marginal  properties  at  78°  F  and  inferior  properties  at  cryogenic  tempera¬ 
tures.  The  low  strength  of  titanium  spot  welds  in  cross-tension  tests  appears  to  be  a 
characteristic  of  the  material. 

The  static  tensile  and  fatigue  data  on  complex  joints  are  given  in  Table  28.  As  would 
be  expected  from  the  notched  (K^  =  6.3)  tensile  data,  this  heat  (3930131)  of  Ti-5A1- 
2. 5Sn  remains  quite  tough  at  -423°  F  as  evidenced  by  the  high  static  tensile  strengths 
and  joint  efficiencies  (81-  to  85-percent  joint  efficiency  at  -423“  F  as  compared  to  64 
to  67  percent  for  heat  M-8394)  and  the  relatively  large  number  of  cycles  to  failure. 


34 


ASD-TDR-62-258 


9  RECOMMENDATIONS  FOR  FUTURE  WORK 

The  large  amount  of  interest  in  the  properties  of  engineering  materials  at  cryogenic 
temperatures  is  apparent  from  the  increased  number  of  investigations  in  this  field,  the 
large  number  of  recent  technical  papers  in  the  literature  and  technical  conferences 
on  the  properties  of  materials  in  a  cryogenic  environment,  and  the  increased  use  and 
growth  of  the  Cryogenic  Data  Handbook,  It  is  recommended  that  the  work  initiated 
in  this  investigation  be  continued  to  include  more  materials  and  more  test  conditions. 
The  materials  and  tests  recommended  for  future  study  are  given  in  Table  30.  The 
crack  propagation  testing  is  included  to  increase  the  scope  of  fracture  mechanics 
testing  to  -423°F  and  to  provide  more  quantitative  data  to  the  metallurgical  and 
design  engineers  to  aid  them  in  the  proper  selection  of  materials  and  the  design  of 
structures  for  cryogenic -fueled  missiles  and  space  vehicles.  It  is  also  recommended 
that  further  investigations  be  made  in  the  development  of  statistical  analysis  methods  for 
evaluating  the  relative  toughness  of  engineering  materials. 
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10  SUMMARY  AND  CONCLUSIONS 

The  objectives  of  this  investigation  were  to  develop  simple  laboratory  type  tests  to 
evaluate  the  toughness  of  high-strength  sheet  materials  at  cryogenic  temperatures 
and  to  obtain  useful  engineering  data  on  the  properties  of  these  materials  from  78° 
to  -423°F,  Alloys  investigated  include  Types  301,  304  ELC,  310,  and  AM-355 
stainless  steels,  2014-T6,  5052-H38,  and  5456-H343  aluminum  alloys  and  the 
5A1-2,  5Sn  titanium  alloy.  The  tests  employed  for  evaluating  the  toughness  of  sheet 
alloys  included  notched  (K^  =  3,  2,  6,3,  and  19)  tensile  tests,  fusion-weld  tensile 
tests,  and  cross-tension  and  tensile-shear  tests  of  individual  resistance  spot  welds. 

The  results  from  these  tests,  as  well  as  data  obtained  from  tensile  tests  of  the  base 
metal,  and  percent  martensite,  hardness  determinations,  and  metallographic  exami¬ 
nations  of  fractured  specimens,  were  correlated  with  low-cycle,  high -stress  fatigue 
data  obtained  on  complex-welded  joints.  A  total  of  more  than  three  thousand  tensile 
and  fatigue  tests  were  conducted  during  the  investigation,  and  the  data  statistically 
analyzed.  The  results  are  presented  in  tabular  and  graphical  form  to  aid  metallurgi¬ 
cal  and  design  engineers  in  the  selection  of  materials  for  pressure  vessel  applications 
in  a  cryogenic  environment.  Based  upon  the  data  obtained  from  the  experimental 
investigation  and  the  information  contained  within  this  report  the  following  conclusions 
are  made: 

a.  The  notched  tensile  specimen  with  a  stress  concentration  of  6,3  provided  the 
most  reliable  and  consistent  correlation  with  fatigue  resistance  (toughness)  of 
complex-welded  joints  of  high  strength  sheet  materials  at  cryogenic  temperatures. 

b.  The  notched  (K^  =  3,2)  tensile  data  properly  evaluated  304  ELC  and  310  stainless 
steels  and  2014-T6  aluminum  alloy,  but  failed  to  indicate  the  decreased  toughness 
of  301  stainless  steel  (heat  49061)  and  Ti-5Al-2,  5Sn  alloy  (heat  M  -8394)  at  -423°F. 
Due  to  the  mildness  of  the  notch,  the  data  improperly  indicated  that  all  of  the 
alloys  investigated  with  the  notched  (K  =3.2)  tensile  test  were  resistant  to 
brittle  failure  at  -423°F, 

c.  The  data  obtained  from  the  notched  (K^  =  19)  tensile  tests  improperly  evaluated 
many  of  the  alloys  investigated.  These  data  incorrectly  predicted  embrittlement 
of  the  301  stainless  steel  (heat  49061)  and  the  Ti-5Al-2.  5Sn  alloy  (heat  M-8394) 
at  -320°F  and  the  304  ELC  (transverse  direction)  and  310  (transverse  direction) 
stainless  steels  at  cryogenic  temperatures. 

d.  The  fusion-weld  tensile  data  (joint  efficiencies  and  elongation)  correlated  well 
with  fatigue  resistance  of  welded  joints  at  cryogenic  temperatures  as  compared  to 
the  fatigue  resistance  at  78°F. 

e.  The  data  obtained  from  cross-tension  and  tensile-shear  tests  of  individual  resist¬ 
ance  spot  welds  provided  valuable  information  for  assessing  the  fatigue  resistance 
of  those  complex-welded  joints  which  contained  spot  welds. 
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f.  The  information  obtained  from  a  combination  of  the  notched  (K^  =  6.3)  tensile, 
fusion-weld  tensile,  and  spot-weld  tensile  and  shear  evaluation  tests  provided  an 
accurate  evaluation  of  the  low-temperature  toughness  of  the  alloys  investigated. 

g.  Information  obtained  from  statistical  analyses  (i.  e.  standard  deviations)  may 
provide  an  index  of  toughness  of  materials  at  cryogenic  temperatures. 

h.  The  data  obtained  during  this  investigation  are  useful  to  metallurgical  and  design 
engineers  for  the  proper  selection  of  materials  for,  and  design  of,  pressure 
vessels  for  application  in  a  cryogenic  environment. 

The  following  criteria  were  used  for  determining  the  toughness  of  each  alloy  at 
cryogenic  temperatures: 

The  number  of  cycles  to  leak  and  to  failure  of  welded  joints  tested  in  axial 
fatigue. 

Notched/unnotched  tensile  strength  ratios. 

Notched  tensile  strengths  as  a  function  of  temperature. 

Tensile  strengths  and  resulting  joint  efficiencies  of  fusion  welds  as  a  function 
of  temperature. 

The  cross-tension/tensile-shear  ratio  of  individual  resistance  spot  welds, 

The  elongations  of  parent  metal  and  fusion  welded  tensile  specimens,  and 

A  statistical  analysis  of  the  scatter  in  the  test  data  (i.e.  standard  deviations). 

A  fatigue  life  of  100  cycles  at  a  stress  level  of  85  percent  of  the  yield  strength  was 
considered  a  minimum  for  adequate  resistance  to  brittle  fracture.  Also,  a  large 
number  of  cycles  between  first  crack  initiation  and  final  specimen  failure  was 
considered  desirable  since  rapid  crack  extension  is  a  characteristic  of  brittle 
behavior.  Notched/ unnotched  tensile  strength  ratios  of  1.  0  for  a  K^.  of  3. 2, 

0.  90  for  a  K|.  of  6.  3  and  0.  60  for  a  K^.  of  19  were  considered  as  minima  for 
acceptable  toughness  at  each  test  temperature.  A  decrease  of  the  notched  tensile 
strengths  with  decrease  in  temperature  was  considered  to  indicate  embrittlement; 
therefore  the  notched  tensile  strengths  must  increase  or  remain  the  same  with 
reduction  in  testing  temperature  to  insure  adequate  toughness.  A  large  decrease 
in  the  tensile  strength  of  butt  fusion  welds  with  reduction  in  testing  temperature 
seemed  to  indicate  an  embrittlement  of  the  weld  metal.  Therefore,  only  those 
alloys  in  which  the  joint  efficiencies  of  fusion  welds  remained  nearly  constant  or 
increased  with  reduction  in  temperature  were  recommended  for  cryogenic  service. 
An  evaluation  of  the  toughness  of  resistance  spot  welds  was  made  by  the  cross¬ 
tension/tensile-shear  ratio.  Whenever  this  ratio  was  less  than  0.25  the  resistance 
spot  weld  was  considered  to  be  brittle.  Although  of  less  significance  than  the 
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former  evaluation  tests,  another  indication  of  possible  embrittlement  was  a 
large  decrease  in  the  total  elongation  of  parent  or  fusion  welded  metal  with 
decrease  in  testing  temperature.  A  large  amount  of  scatter  in  the  test  data, 
or  large  standard  deviations  as  obtained  from  a  statistical  analysis  of  the  data, 
also  indicated  a  lack  of  toughness.  Based  on  the  above  criteria  and  the  test 
data  obtained  in  this  program  the  following  materials  are  recommended  for 
structural  applications  at  cryogenic  temperatures. 

These  materials  are  sufficiently  tough  for  structural  applications  at  100°  and 
-320°F:  301  (heats  49061  and  57644),  304  ELC  and  310  stainless  steels,  2014-T6, 
5052-H38,  and  5456-H343  aluminum  alloys,  and  Ti-5Al-2.  5Sn  alloy  (heats  M-8394 
and  3930131). 

These  materials  are  sufficiently  tough  for  structural  applications  at  -423’’F; 

301  (heat  57644),  304  ELC  and  310  stainless  steels,  2014-T6  and  5052-H38 
aluminum  alloys,  and  Ti-5Al-2.  5Sn  alloy  (heat  3930131). 
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NOTE:  Dimensions  in  inches.  Spotwelded  to 


Identification 

Typ 


Figfure  1.  Flat  Tensile  Specimen  (Standard) 
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Figure  2,  Notched  Tensile  Specimen  (K  =  3,2  and  6,3) 
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Figure  3.  Notched  Tensile  Specimen  (K^  =  19) 


47 


NOTE:  DIMENSIONS  ARE 
IN  INCHES 


ASD-TDR-62-258 


in 


48 


Figure  4.  Spot  Welded  Tension  and  Shear  Specimens 
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MATERIAL 

ASSY 

A 

B 

c 

D 

E 

F 

G 

H 

J 

K 

L 

M 

N 

o 

P 

Q 

R 

s 

301  SS 

-855 

4.52 

7 

0.32 

8 

11 

10 

0.37 

0.74 

1.  14 

1.52 

2.00 

3.51 

38 

16 

11 

7 

8 

3.75 

Ti  and 

AM-355  SS 

-843 

4.26 

5 

0.34 

6 

11 

10 

0.37 

0.74 

1.  14 

1.52 

2.  00 

3.51 

38 

16 

11 

7 

8 

3.75 

310  SS 

-837 

3.98 

6 

0.25 

7 

13 

12 

0.34 

0.59 

0.93 

1.27 

1.74 

3.51 

38 

16 

11 

7 

8 

3.75 

304  SS 

-825 

3.86 

7 

0.25 

8 

17 

16 

0.34 

0.59 

0.93 

1.27 

1.74 

3.51 

38 

16 

11 

7 

8 

3.75 

1.  Metal  stamping  of  parts  not  permitted. 

2.  Buttweld  test  skins  prior  to  machining. 

3.  Spotwelds  per  spec  MIL-W-6858A. 

4.  Tolerance  on  location  of  spotwelds  to  be  ±0.  06. 

5.  Test  section  width  minimum  at  center.  Total  taper  to  be  0.010  from  one  end 
to  center. 

6.  Edges  of  skin  must  be  sharp  and  free  from  burrs. 

7.  Holes  to  be  centered  with  test  section  ±0.  015. 

8.  In  radius  no  notches  or  undercuts  permitted. 

9.  Material  spec  to  be  called  out  with  specimen  request. 

10.  Edges  of  test  skin  to  be  machined  to  finish. 

11.  Each  specimen  to  have  gage,  coil,  heat,  spec  and  specimen  number. 

12.  Heliarc  buttwelds  per  spec  0-75005. 

Figure  5.  Fatigue  Specimen  (Longitudinal  for  Steel  and  Titanium) 
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MATERIAL 

ASSY 

A 

B 

c 

D 

E 

F 

G 

H 

1 

J 

K 

L 

M 

N 

O 

304SS 

-845 

3.  86 

8 

0.25 

17 

16 

0.34 

3.  75 

0.  59 

0.93 

1.21 

38.0 

16 

11 

7 

8 

310SS 

-857 

3.98 

6 

0.25 

12 

11 

0.  34 

3.  75 

0.  59 

0.93 

1.21 

38.0 

16 

11 

7 

8 

Ti  and  AM-355 

-859 

4.  12 

6 

0.28 

13 

12 

0.37 

3.75 

0.  71 

1.  14 

1.42 

38.0 

16 

11 

7 

8 

301SS 

-861 

3.  92 

6 

0.28 

13 

12 

0.  37 

3.75 

0.  65 

1.02 

1.33 

38.0 

16 

11 

7 

8 

1.  Metal  stamping  of  parts  not  permitted. 

2.  Seam  weld  test  skins  prior  to  maehining. 

3.  Spotwelds  and  seamwcld  per  MIL-W-6858A. 

4.  Tolerance  on  location  of  spotwelds  to  be  ±0.06. 

5.  Test  section  width  minimum  at  center.  Total  taper  to  be  O.OlO  from  one  end  to 
ee  liter. 

6.  Edges  of  skin  must  be  sharp  and  free  from  burrs. 

7.  Holes  to  be  centered  with  test  section  ±0.015. 

8.  In  radius  no  notches  or  undercuts  permitted. 

9.  Material  spee  to  be  called  out  with  specimen  request. 

10.  Edges  of  test  skin  to  be  machined  to  finish. 

11.  Each  specimen  to  have  gage,  coil,  heat,  spec  and  specimen  number. 

Figure  6.  Fatigue  Specimen  (Transverse  for  Steel  and  Titanium) 


50 


NOTE:  Dimensions  in  inches^ 
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Figure  7.  Fatigue  Specimen  (Longitudinal  and  Transverse  for  Aluminum) 
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Figure  8.  Photograph  of  Parent  Metal  and  Welded  Flat  Tensile  Specimens 
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Figiire  9.  Photograph  of  Notched  Tensile  Specimens 


Figure  10.  Photograph  of  Spot  Welded  Tension  and  Shear  Specimens 


54 


ASD-TDR-62-258 


55 


Figure  11.  Photograph  of  Fatigue  Specimens  (Steel  and  Titanium) 
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Figure  12.  Photograph  of  Fatigue  Specimens  (Aluminum) 
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Figure  13.  Photograph  of  Fatigue  Specimen  (Titanium) 


ASD-TDR-62-258 


Figure  14,  Photograph  of  Crack  Propagation  Specimen 
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Figure  17.  Liquid-Hydrogen  Cryostat 
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Figure  15.  Radiograph  of  Fusion  Welded  Fatigue  Specimen 
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Figure  16.  Radiograph  of  Complex  Welded  Fatigue  Specimen 
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Figure  18.  Liquid-Hydrogen  Test  Chamber  Being  Prepared  for  Test 
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Figure  19,  Transfer  of  Liquid  Hydrogen 
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Figure  20.  Cryo-extensometer 
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Figure  21,  Fatigue  Specimen  in  Static  Test 
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Figure  22.  Fatigue  Specimen  in  Liquid-Nitrogen  Cryostat 
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Figure  23.  Outdoor  Liquid  Hydrogen  Test  Area 
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Fijfure  24.  Hydraulic  Rams  -  Fatigue  Test  Equipment 
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Figure  25.  Fatigue  Test  Chamber  (for  Room  Temperature  and  Liquid-Nitrogen  Testing) 


68 


ASD-TDR-62-258 


69 


Figure  26.  Fatigue  Test  Bed  with  Liquid-Hydrogen  Test  Chamber 
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Figure  27.  View  of  Liquid-Hydrogen  Fatigue  Test  Chamber 
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Figure  28.  View  of  Liquid-Hydrogen  Fatigue  Test  Chamber  (Assembled) 
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Figure  29.  Liquid-Hydrogen  Cryostat  for  Crack  Propagation  Testing 
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Figure  30,  Metallographic  Laboratory 
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Figure  31. 


Versus  Temperature  (Longitudinal) 
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Figure  32.  F^y  Versus  Temperature  (Transverse) 
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Figure  33. 


F^y/Density  Versus  Temperature  (Longitudinal) 
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Figure  34.  F^y/Density  Versus  Temperature  (Transverse) 
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Figure  35,  F^^  Versus  Temperature  (Longitudinal) 
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Figure  36,  Versus  Temperature  (Transverse) 
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Figure  37.  F^^/Density  Versus  Temperature  (Longitudinal) 
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Figure  38.  F^^/Density  Versus  Temperature  (Transverse) 
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Figure  39.  Elongation  Versus  Temperature  (Longitudinal) 
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Figure  40.  Elongation  Versus  Temperature  (Transverse) 
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Figure  41,  Notched  Tensile  Strength  (K^  =  3.2)  Versus  Temperature  (Longitudinal) 
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42.  Notched  Tensile  Strength  (K^  =  3.2)  Versus  Temperature  (Transverse) 
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Notched  Tensile  Strength  (K^  =  6.3)  Versus  Temperature  (Longitudinal) 
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Figure  44.  Notched  Tensile  Strength  (K^  =  6.3)  Versus  Temperature  (Transverse) 
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Figure  45.  Notched  Tensile  Strength  (K^  =  19)  Versus  Temperature  (Longitudinal) 
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Figure  46.  Notched  Tensile  Strength  (K^  =  19)  Versus  Temperature  (Transverse) 
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Figure  47.  Notched  (K^  =  3. 2)/Unnotched  Tensile  Ratio  Versus 
Temperature  (Longitudinal) 
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Figure  48.  Notched  (K^  =  3. 2)/Unnotched  Tensile  Ratio  Versus 
Temperature  (Transverse) 


91 


NOTCHED/UNNOTCHED  TENSILE  RATIO 


ASD-TDR-62-258 


TEMPERATURE  ("F) 


Figure  49.  Notched  (K^  =  6. 3)/Unnotched  Tensile  Ratio  Versus 
Temperature  (Longitudinal) 
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Figure  50.  Notched  (K^  =  6. 3)/Unnotched  Tensile  Ratio  Versus 
Temperature  (Transverse) 
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Figure  51.  Notched  (K^  =  19)/Unnotched  Tensile  Ratio  Versus 
Temperature  (Longitudinal) 
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Figure  52.  Notched  (K^  =  19)/Unnotched  Tensile  Ratio  Versus 
Temperature  (Transverse) 
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Figure  53.  Notched  (K^  =3,2)  Tensile/Unnotched  Yield  Ratio 
Versus  Temperature  (Longitudinal) 


96 


NOTCHED  TENSILE/UNNOTCHED  YIELD  RATIO 


ASD-TDR-62-258 


TEMPERATURE  ('F) 

Figure  54,  Notched  (K^  =  3.2)  Tensile/Unnotched  Yield  Ratio 
Versus  Temperature  (Transverse) 
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Figure  55.  Notched  (K^  =  6,3)  Tensile/Unnotched  Yield  Ratio 
Versus  Temperature  (Longitudinal) 


98 


NOTCHED  TENSILE/UNNOTCIIED  YIELD  RATIO 


ASD-TDR-62-258 


0,2 


400 


-300  -200  -100 

TEMPERATURE  ('’F) 


+  100 


Figure  56.  Notched  (K^  =  6.3)  Tensile/Unnotched  Yield  Ratio 
Versus  Temperature  (Transverse) 
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Figure  57.  Notched  (K^  =  19)  Tensile/Unnotched  Yield  Ratio 
Versus  Temperature  (Longitudinal) 
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Figure  58.  Notched  (K^  =  19)  Tensile/Unnotched  Yield  Ratio 
Versus  Temperature  (Transverse) 
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Figure  59.  Weld  Tensile  Strength  Versus  Temperature 
(Longitudinal) 
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Figure  60.  Weld  Tensile  Strength  Versus  Temperature 
(Transverse) 
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Figure  61,  Weld  Joint  Efficiency  Versus  Temperature  (Longitudinal) 
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Figure  62.  Weld  Joint  Efficiency  Versus  Temperature 
(Transverse) 
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Figure  63.  Weld  Elongation  Versus  Temperature 
(Longitudinal) 
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Figure  64.  Weld  Elongation  Versus  Temperature 
(Transverse) 
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Figure  65.  Tension/Shear  Ratio  of  Spot  Welds  Versus  Temperature 
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Figure  66.  S-N  Curve  -  301  Stainless  Steel  (Longitudinal  -  Joint  No.  1) 


Figure  67.  S-N  Curve  -  301  Stainless  Steel  (Transverse  Joint  No.  1) 
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Figure  68.  S-N  Curve  -  301  Stainless  Steel  (Longitudinal  -  Joint  No.  2) 


Figure  69.  S-N  Curve  -  304  ELC  Stainless  Steel  (Longitudinal  -  Joint  No.  1) 
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gure  70. 


S-N  Curve  -  304  ELC  Stainless  Steel  (Transverse  -  Joint  No.  1) 


Figure  71.  S-N  Curve  -  310  Stainless  Steel  (Longitudinal  -  Joint  No.  1) 
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Figure  72.  S-N  Curve  -  310  Stainless  Steel  (Transverse  -  Joint  No,  1) 


Figure  73,  S-N  Curve  -  310  Stainless  Steel  (Longitudinal  -  Joint  No,  2) 
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gure  74. 


S-N  Curve  -  310  Stainless  Steel  (Transverse  -  Joint  No.  2) 


Figure  75.  S-N  Curve  -  AM-355  Stainless  Steel  (Longitudinal  -  Joint  No.  1) 
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Figure  76.  S-N  Curve  -  AM-355  Stainless  Steel  (Transverse  -  Joint  No.  1) 
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Figure  77,  S-N  Curve  -  AM-355  Stainless  Steel  (Longitudinal  -  Joint  No.  2) 
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Figure  78.  S-N  Curve  -  Stainless  Steels  at  78^F  (Longitudinal  -  Joint  No.  1) 


Figure  79.  S-N  Curve  -  Stainless  Steels  at  -320‘’F  (Longitudinal  -  Joint  No.  1) 
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Figure  80,  S-N  Curve  -  Stainless  Steels  at  -423°F  (Longitudinal  -  Joint  No.  1) 


Figure  81.  S-N  Curve  -  Stainless  Steels  at  TS'F  (Transverse  -  Joint  No.  1) 
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Figure  82.  S-N  Curve  -  Stainless  Steels  at  -320®F  (Transverse  -  Joint  No.  1) 


Figure  83.  S-N  Curve  -  Stainless  Steels  at  -423°F  (Transverse  -  Joint  No,  1) 
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Figure  84.  S-N  Curve  -  Stainless  Steels  at  78°F  (Longitudinal  -  Joint  No.  2) 


Figure  85.  S-N  Curve  -  Stainless  Steels  at  -320° F  (Longitudinal  -  Joint  No.  2) 
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Figure  86.  S-N  Curve  -  Stainless  Steels  at  -423*^  (Longitudinal  -  Joint  No.  2) 


Figure  87.  S-N  Curve  -  2014-T6  Aluminum  Alloy  (Longitudinal  -  Joint  No.  1) 
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Figure  88.  S-N  Curve  -  2014-T6  Aluminum  Alloy  (Transverse  -  Joint  No.  1) 


Figure  89.  S-N  Curve  -  5052-H38  Aluminum  Alloy  (Longitudinal  -  Joint  No.  1) 
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Figure  90,  S-N  Curve  -  5052-H38  Aluminum  Alloy  (Transverse  -  Joint  No.  1) 


Figure  91.  S-N  Curve  -  5456-H343  Aluminum  Alloy  (Longitudinal  -  Joint  No.  1) 
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Figure  92.  S-N  Curve  -  5456-H343  Aluminum  Alloy  (Transverse  -  Joint  No.  1) 
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Figure  93.  S-N  Curve  -  5456-H343  Aluminum  Alloy  (Longitudinal  -  Joint  No.  2) 
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Figure  94.  S-N  Curve  -  Aluminum  Alloys  at  78®F  (Longitudinal  -  Joint  No.  1) 
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Figure  95.  S-N  Curve  -  Aluminum  Alloys  at  -32(fF  (Longitudinal  -  Joint  No.  1) 
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Figure  96.  S-N  Curve  -  Aluminum  Alloys  at  -423®F  (Longitudinal  -  Joint  No.  1) 
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Figure  97.  S-N  Curve  -  Aluminum  Alloys  at  78°F  (Transverse  -  Joint  No.  1) 
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Figure  98.  S-N  Curve  -  Aluminum  Alloys  at  -320®F  (Transverse  -  Joint  No.  1) 
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Figure  99.  S-N  Curve  -  Aluminum  Alloys  at  -423®F  (Transverse  -  Joint  No.  1) 
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Figure  100,  S-N  Curve  -  Ti-5Al-2.  5Sn  Alloy  (Longitudinal  -  Joint  No.  1) 


Figure  101.  S-N  Curve  -  Ti-5Al-2,5Sn  Alloy  (Transverse  -  Joint  No,  1) 
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Figure  102.  S-N  Curve  -  Ti-5Al-2.5Sn  Alloy  (Longitudinal  -  Joint  No.  2) 


Figure  103.  S-N  Curve  -  Ti-5Al-2.5Sn  Alloy  (Longitudinal  -  Joint  No.  3) 
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Figure  104.  Photomacrographs  of  Fractured  Tensile 
Specimens  (301  and  304  Stainless  Steels) 
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Figure  105.  Photomacrographs  of  Fractured  Tensile 

Specimens  (310  and  AM-355  Stainless  Steels) 
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Figure  106.  Photomacrographs  of  Fractured  Tensile  Specimens 
(2014-T6  and  5052-H38  Aluminum) 
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Figure  107.  Photomacrographs  of  Fractured  Tensile  Specimens 
(5456-H343  A1  and  Ti-5Al-2.  5Sn) 
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Figure  112,  Photomicrographs  of  Fractured  Tensile  Specimens  (2014-T6  A1  Alloy) 
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Figure  113.  Photomicrographs  of  Fractured  Tensile  Specimens  (5052-H38  A1  Alloy) 
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Figure  114,  Photomicrographs  of  Fractured  Tensile  Specimens  (5456-H343  A1  Alloy) 
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Figure  115.  Photomicrographs  of  Fractured  Tensile  Specimens  (Ti-5Al-2,4Sn  Alloy) 
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Figure  118.  Fractured  Fatigue  Specimens  -  301  SS  (78°  F) 
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Figure  119.  Fractured  Fatigue  Specimen  -  301  SS 
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Figure  120.  Fractured  Fatigue  Specimens  -  304  SS  (78°  F) 
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Figure  121.  Fractured  Fatigue  Specimens  -  310  SS  (78°  F) 
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Figure  122.  Fractured  Fatigue  Specimens  -  AM-355  SS  (78°  F) 
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Figure  123.  Fractured  Fatigue  Specimens  -  AM-355  SS  (-423°  F) 
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Figure  124.  Fractured  Fatigue  Specimens  -  2014-T6  Aluminum  Alloy  (78°  F) 
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Figure  125.  Fractured  Fatigue  Specimens  -  2014-T6  Aluminum  Alloy  (-423°  F) 
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Figure  126.  Fractured  Fatigue  Specimens  5052-H38  Aluminum  Alloy  (78°  F) 
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Figure  127.  Fractured  Fatigue  Specimens  -  5456-H343  Aluminiun  Alloy  (-320°  F) 
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Figure  128.  Fractured  Fatigue  Specimens  -  Ti-5Al-2.5Sn  Alloy  (78°  F) 
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Figure  130,  Standard  Deviations  Versus  Temperature  (304  SS) 
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Figure  131,  Standard  Deviations  Versus  Temperature  (310  SS) 
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Figure  135.  Standard  Deviations  Versus  Temperature  (5454-H343  Aluminum  Alloy) 
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Table  1.  History  and  Chemical  Analysis  of  Materials 
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Direct  current,  straight  polarity 
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ELECTRODES  (TOP  AND  BOTTOM) 
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-320  Long.  321  (3.2)  89.8  302  (6.6)  84.6 

Long.  313  (3.2)  87.7  295  (6.6)  82.6 

Long.  308  (3.2)  86.2  299  (6.6)  83.6 

Long.  319  (3.2)  89.5  295  (6.6)  82.5 

Long.  325  (3.2)  91.1  299  (6.6)  83.8 
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Table  12#  (Cont) 
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Table  13.  Properties  of  Resistance  Spot  Welds  of  60  Percent  Cold  Rolled  301 

Stainless  Steel,  (0.025  In.  Sheet,  Washington  Steel,  Heat  No.  49061, 
Coil  No.  7450) 
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Table  14.  Properties  of  Resistance  Spot  Welds  of  50  Percent  Cold  Roiled  304 
Stainless  Steel  (0.012  In.  Sheet,  Rodney  Metals,  Heat  No.  33251) 
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Table  15.  Properties  of  Resistance  Spot  Welds  of  75  Percent  Cold  Rolled  310 
Stainless  Steel  (0.O20  In.  Sheet,  Washington  Steel,  Heat  No.  43631 
Coil  No.  44942) 
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Table  16.  Properties  of  Resistance  Spot  Welds  of  AM-355  CRT  Stainless  Steel 
(0.032  In.  Sheet,  Wallingford  Steel,  Heat  No.  38174) 
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Table  19*  Fatigue  Properties  of  Complex  Welded  Joints  of  50  Percent  Cold  Rolled 
_ 304  ELC  Stainless  Steel  (0*012  In.  Sheet,  Rodney  Metals,  Heat  No.  33251) 

TEST  STRESS  STATIC 

joint  temp  specimen  range  no.  cycles  to  no.  cycles  strength 

CONFIG.  DIR  (OF) _ NO^ _ (KSI)  FIRST  LEAK  TO  FAILURE  (KSI)  REMARKS 
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Table  20.  Fatigue  Properties  of  Complex  Welded  Joints  of  75  Percent  Cold  Rolled  310 

Stainless  Steel  (0.020  In.  Sheet,  Washington  Steel,  Heat  No.  43631,  Coil  No.  44942) 

TEST  STRESS  STATIC 

JOINT  TEMP  SPECIMEN  RANGE  NO.  CYCLES  TO  NO.  CYCLES  STRENGTH 

CONFIG.  DIR _ ('‘F) _ NO^ _ (KSI )  FIRST  LEAK  TO  FAILURE _ (KSI )  REMARKS _ 


ASD-TDR -62-258 
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Long.  29L  0-216  296 

Long.  30L  0-216  521  No  leaks  detected 

Average  — —  302  at  300  cycles. 
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Table  21.  Fatigue  Properties  of  Complex  Welded  Joints  of  AM-355  CRT  Stainless  Steel 
(0.032  In.  Sheet,  Wallingford  Steel,  Heat  No.  38174) 
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JOINT  TEST  SPECIMEN  STRESS  NO.  CYCLES  TO  NO.  CYCLES  STATIC 
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Table  22.  Fatigue  Properties  of  Complex  Welded  Joints  of  2014-T6 
Aluminum  Alloy  (0.063  In.  and  0.125  In.  Sheet,  Aluminum 
Company  of  America,  AMS-4029) 
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1  Long.  -320  22L  0-46.7  1789  Failed  at  weld 

1  Long.  -320  23L  0-46.7  2000+  No  failure. 

1  Long.  -320  24L  0-46.7  2000+  No  failure. 

1  Long.  -320  25L  0-46.7  2000+  No  failure. 

Average  1958+ 


Table  22.  (Cent) 
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-320  23T  0-46.7  2000+ 
-320  24T  0-46.7  2000+ 
-320  25T  0-46.7  2074+ 

2015  + 
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1  Trans.  -423  31T  0-49.9  2000+  No  failure 
1  Trans.  -423  32T  0-49.9  2000+  No  failure 
Average  2000+ 


Table  23.  Fatigue  Properties  of  Complex  Welded  Joints  of  5052-H38  Aluminum  Alloy 
(0.125  In.  Sheet,  Aluminum  Company  of  America,  QQ-A-318J 
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Table  24.  Fatigue  Properties  of  Complex  Welded  Joints  of  5456-H343  Aluminum  Alloy 
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Long.  -320  26L  0-53.7  -  45.2  Failed  statically 
Long.  -320  27L  0-53.7  -  36.6  Failed  statically 
Long.  -320  28L  0-53.7  -  35.6  Failed  statically 
Long.  -320  29L  0-53.7  -  39.6  Failed  statically 
Long.  -320  30L  0-53.7  -  36.5  Failed  statically 
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Table  25.  Fatigue  Properties  of  Complex  Welded  Joints  of  Ti-5AL-2.5Sn  Alloy 
(0.032  In.  Sheet,  TMCA,  Heat  No.  M-8394,  Mill  annealed) 


ASD-TDR-62-258 


CO 

< 


cj  a 


0^  CO 

H  ^ 


CO  CO 


CJ 
CJ 


D 


< 

pLi 

O 


o 

o 

H 


CO 

ty  < 


u 

CJ 


o 

a; 


CJ  o 
12; 
a, 

CO 


H  CU 


H  H 


o 


a; 

M 

Q 


a 

Eh  M 

Pbi 
M  12: 

o  o 

•-D  CJ 


cd 

CQ 

3 

*H 

<d 

In  • 
CO 

C  0) 
•H  M 
U 

TJ  >> 
0)  O 

•H  00 

<d  o 
y  to 


o 

(M 


CM 

pH 

C^ 

o 

1  o 

o 

ID 

X 

to 

x| 

|o 

X 

X 

ol 

o 

O 

to 

CM 

1  ^ 

iS 

ID 

X 

CM 

X 

X 

X 

m 

in 

to 

lx 

1 

o 

to 

pH 

X 

ID 

1  O 

0) 

to 

to 

lO 

in 

lO 

X 

o  to 

O  C3> 
^  O 


O  ^ 
O  O 
cs  cs 


|o 

o  o  o  o  o  ol 

o 

O  O  CM  o  ol 

1^ 

1  1  O  ^ 

o 

O  X  X  o  o  o 

O  O  Q  X 

1  1  O  00 

lo 

X  CM  X  ^  X  X 
pH  I 

X 

X  X  CM  X  X 

X 

1  I  CM  pH 

I  cs  cs 

I  00  00  00  00  00 

I  I  I  I  I  I 

I  o  o  o  o  o 


y  y  y  y  y 

CO  pH  (M  to  ^  ID 


00  00  00  00  00  00 
cs  cs  cs  cs  cs  cs 


0  0)0)0)0)0) 
0)00000 
I  I  1  I  I  I 

o  o  o  o  o  o 


hJ  hJ  hJ  hJ  iJ 

CO  CS  00  o  o  o 


X  00  00  00  00  00 
cs  cs  cs  cs  cs  cs 


O  O  O  O  O 


I  I  I  1  1 

o  o  o  o  o 


hJ  hJ  hJ  iJ 

pH  CM  to  ^  ID 

pH  pH  pH  pH  pH 


X  X  X  X  X 
r>- 


bO 

bO 

bO 

bO 

bO  bO 

bO 

bO 

bO 

bO 

bO 

bO 

bO 

bO 

U) 

U) 

u) 

C 

d 

C 

C 

C  C 

C 

C 

a 

C 

C 

C 

C 

C 

c 

c 

c 

o 

o 

o 

O 

o  o 

O 

O 

o 

O 

O 

O 

o 

o 

o 

o 

o 

y 

y 

y 

pj 

o  o  o  o 
o  o  o  o 
1111 
o  o  o  o 


y  y  y  y 

pH  CM  to  ^ 
to  ID  ID  to 


X  X  X  X 
cs 


bO  bO  bO  bO 

c  c  a  c 

O  O  O  O 
y  pJ  pJ  J 


pH  pH  i-H  pH  pH 


0) 

bO 

(0 

u 

0) 

> 

< 


0) 

bO 

cd 

u 

0) 

> 

< 


0) 

bO 

(d 

u 

0) 

> 


CM  CM  CM  CM 


0) 

bO 

cd 

d) 

> 

< 


246 


ASD-TDR-62-258 


• 

• 

a 

0) 

a> 

o 

U 

U 

6 

a 

a 

•H 

rH 

H 

O 

•H 

•H 

• 

V 

CO 

CO 

T3 

o, 

Cm 

rH 

(0 

O 

U 

U 

o 

O 

c 

0} 

•iH 

3 

• 

rH 

'd 

'H 

o 

o 

V 

cO 

*3 

rH 

rH 

rH 

Ch 

rH 

•H 

O 

O 

O 

CO 

O 

•H 

>> 

CM 


00 

00 


O  Q 


CM  CM 


H- 

o 

CO 

H- 

H- 

to 

C^ 

lO 

lO 

C^ 

1  o> 

CM 

o 

rH 

o 

o 

to 

o 

a> 

in 

1  CO 

in 

C3b 

00 

Q 

CO 

o 

to 

00 

to 

o> 

O 

00 

1  CM 

C^ 

CO 

CO 

to 

to 

00 

o 

1  rH 

CM 

C3b 

CO 

CO 

O 

lO 

lO 

lO 

00 

Ob 

CM 

CM 

CO 

rH 

1 

CO 

lO 

lO 

CO 

in 

CO 

in 

1  in 

CM 

rH 

rH 

CM 

rH 

rH 

rH 

rH 

lO 

rH 

to 


H*  + 

H- 

o  o 

O  1  1 

o  o 

O  1  1 

o  o 

5  1  1 

CM  CM 

CM  1  1 

00 

O 


o 

o 


s  s  s 

00  00  00 


CM 

a> 

c^ 


O  Q  O  O  O 
0^000 
m  lo  to  lo 


O  O  Q  O  O 
o  to  lo  in 
^  ^  to  ro|ro 


I  I 
I  I 
I  I 


I  I 
I  I 
I  I 


I  o 

I  lO 
I  rH 


o 

to 


c:b 

0> 

o  o 

rH  rH 

c:b 

o> 

rH  rH 

00 

1 

1 

O 

1 

o 

1  1 

o  o 

O 

in  CO 

00 

Eh 

rH 

00 

00 

00  00 

00 

00 

I 

o 


H 

CM 


00 


•  •  •  • 

bO  faO  bO  bO 

a  c  a  c 

O  O  O  O 


s  s 

CC  cc 

u  u 

H  H 


00  00  00 

I  I  I 

O  O  O 


0>  0>  O)  o>  o> 

0>  0>  0>  0>  O) 

I  I  I  I  I 

o  o  o  o  o 


o  o  o  o 


till 

o  o  o  o 


o  o  o  o  o 

^  ^  ^  ^  Th 

rH  rH  rH  rH  rH 

I  I  I  I  I 

o  o  o  o  o 


H  H  H 

to  lO 


H 

CO  H  H  H  H  H 
^  CO  00  Cb  o 


H  H  H 

rH  CM  to 


Eh 


1^  ^ 


D-  CO 
^  rH 


1^  1^ 


00  C3b  o 
rH  rH  rH  CM 


O 

o 

o 

O 

O 

o 

CM 

CM 

CM 

CM 

CM 

CM 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

to 

to 

to 

to 

to 

to 

. 

r- 

1 

1 

1 

1 

1 

1 

• 

• 

• 

• 

• 

• 

00 

CO 

00 

to 

00 

00 

00 

to 

00 

to 

00 

3 

c 

C 

c 

2 

c 

a 

c 

C 

c 

c 

c 

d 

bO 

bO 

bO 

U) 

b£ 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

c 

c 

a 

C 

c 

fi 

u 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

o 

o 

o 

o 

o 

o 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

Eh 

3 

3 

3 

O 

O 

O 

bO 

bO 

bO 

bO 

bO 

bO 

3 

3 

3 

3 

3 

3 

U 

IH 

0) 

to  to  0) 

rH  rH  rH  rH  rH  O 

rH  rH  rH  rH  rH  rH  3 

rH  rH  rH  rH  fl) 

rH  rH  rH  rH  rH  rH  0) 

> 

> 

> 

> 

> 

> 

< 

< 

< 

< 

< 

< 

247 


Table  25  (Cent) 
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-320  2iT  0-159  9 

-320  22T  0-159  38 

-320  23T  0-159  ----  --  154  Failed  on  loading 

-320  24T  0-159  —  157  Failed  on  loading 

-320  25T  0-159  —  157  Failed  on  loadinir 
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Chemistry:  Cr-17.38,  Ni- 


Table  27.  Properties  of  Annealed  Ti-5Al-2.5Sn  Alloy  (0.014  In.  Sheet,  Republic  Steel  Co 
Heat  No.  3930131,  Specification  GD/A-0-71010) 
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-320  Trans.  181  189  16.0  242  184 

Trans.  180  189  16.0  243  180 
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Chemistry:  C-0.035;  N  -0.011;  0-0.12;  Hp-0.0099;  Fe-0.11;  Al-5.45;  Sn-2.50;  Ti-Rem 


RESISTANCE  SPOT  WELD 
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